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Sir: 

I, Hermann Stein, a citizen and resident of Switzerland, hereby declare as 

follows: 

1. From April 1958 until September 1961 I studied chemical laboratory assistant at 
Farbwerke Hoechst AG, Frankfurt/Main Hoechst, Germany. From April 1963 until March 
1966 I studied chemical engineering at Paul-Ehrlich-Schule, Frankfurt/Main, Germany. 

2. Employment history: 



April 1958 - March 1963 chemical laboratory assistant at Farbwerke Hoechst AG 



April 1963 - March 1968 chemical laboratory assistant and chemical engineer at 
Battelle-lnstitut e.V., Frankfurt/Main, Germany. Development of new high 

« 

temperature polymers and new resins for cosmetic applications. 
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• April 1968 - November 1982 at F. Hoffmann La Roche AG, Basle Switzerland, 
development of new cosmetic products, starting as head of development 
laboratory and finally chief of cosmetic development department. 

• December 1982 - January 1984 at Vick International Paris, development of new 
cosmetic products and know how transfer cosmetic department Hoffmann La 
Roche to Vick International. 

• February 1984 - January 2002 at F. Hoffmann La Roche AG, Basle, Switzerland 
and later on Roche Vitamins AG, Basle Switzerland: Development of new 
vitamin product formulations, improvement of existing vitamin product 
formulations and development of new production processes for vitamin product 
formulations. Position: Head of development laboratory and mini plant, process 
engineer for pilot plant production trials. 

• Since March 2002, I have been a technical consultant for Roche Vitamins AG 
and DSM. 

3. The present application discloses and claims powder compositions containing at 
least one fat-soluble vitamin dispersed in a matrix consisting of an emulsion-forming 
composition selected from the group consisting of a natural polysaccharide gum, a 
mixture of polysaccharide gums, a protein, a mixture of proteins, and mixtures thereof, 
wherein the fat-soluble vitamin is present in the powder composition in the form of solid 
droplets having an average diameter of about 80 to about 120 nanometers (nm). 
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4. I am aware that a Final Office Action issued in the above-identified application on 
February 23, 2004. I understand that claims 1 and 3-15 were rejected under 35 USC § 
103 over Stein et a/., EP 0 937 412 ("Stein") or Stein in view of Ford et a/., 5,607,707 
("Ford"). (Paper No. 02122004 at 2.) I further understand that claim 17 was rejected 
under 35 USC § 103 over Stein alone or Tritsch et a/., EP 0 841 010 ("Tritsch '010") 
alone or in combination with Ford in view of Finnan er a/., U.S. Patent No. 4,830,859 
("Finnan"). (Paper No. 02122004 at 5.) 

5. I am a co-inventor of the subject matter described and claimed in the Stein 
document relied upon by the Examiner in rejecting the claims of the above-captioned 
application. Stein is entitled "Preparation Of A Finely Divided Pulverous Carotenoid 
Preparation" and discloses "a continuous process for converting carotenoids, retinoids 
or natural colourants into finely divided pulverous forms which are particularly] required 
for colouring foodstuff[s] and animal feeds." (Col. 1, paragraph 0001.) In particular, 
Stein discloses a five step process: 

a) forming a suspension of the active ingredient in a water- 
immiscible organic solvent optionally containing an 
antioxidant and/or an oil, 

b) feeding the suspension of step a) to a heat exchanger 
and heating said suspension to 100-250°C, whereby the 
residence time in the heat exchanger is less than 5 sec, 

c) rapidly mixing the solution of step b) at a temperature in 
the range of 20-1 00°C with an aqueous solution of a 
swellable colloid optionally containing a stabilizer, 

d) removing the organic solvent and 

e) converting the dispersion of step d) into a pulverous 
preparation. (Abstract and col. 1-2, paragraph 0008.) 

6. During the research that lead to the invention disclosed in Stein, my co-inventors 
and I, using the knowledge available at the time, attempted to produce the smallest 
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possible particle size. In particular, Example 5 was included with a view toward 



optimizing the process by producing the smallest possible particle size. Example 5 is 
reproduced below: 

Solvent: methylene chloride, direct heat transfer (steam). 

9.25 kg Fish Gelatin, 18.5 kg of sugar and 2.5 kg of Ascorbyl 
palmitate were dissolved in 30.25 kg of water in Kettle 1 . 
The pH-value of this matrix was adjusted with NaOH (20%) 
to 7.2 -7.6. 

6.0 kg of p-Carotene, 0.75 kg of dl-a-tocopherol and 3.0 kg 
of corn oil were dispersed in 30.0 kg of methylene chloride in 
Kettle 2. 

The p-carotene suspension was fed by pump 6 with a flow 
rate of 20 kg/h to the heat exchanger 4 where it was mixed 
with steam to reach an outlet temperature of 145°C. The 
residence time in the heat exchanger 4 was 1 .3 sec. The 
matrix was pumped by pump 7 with a flow rate of 30.4 kg/h 
to the Kettle 3 where the solved P-carotene was mixed with 
the matrix and emulsified in it. The emulsion was cooled 
down to 35°C in heat exchanger 5. 

Methylene chloride was removed from the emulsion by using 
a vertical evaporator. The resulting emulsion showed a 
particle size of the inner phase of 196 nm and was spray 
dried. 

The final product has a p-carotene content of 9.9%, E1/1: 
1120, A max : 440-460 nm. The powder was well soluble in 
water, the solution has a very intensive yellow color. (Col. 6, 
paragraph 0054-0058.) 



Figure I is reproduced for clarity: 




I , i 

I ZQ i 1 

7. As Example 5 shows, at that time, at best we could produce particles sizes of 
about 196 nm. Based on my unique knowledge of the methods and compositions of 
Stein, and my long experience in the area of the production carbohydrate matrices, it is 
my opinion that one of skill in the art at the time of the above-captioned invention 
familiar with the disclosure of Stein could not have produced particles of the presently 
claimed size. 

8. Moreover, it is also my opinion that one could not have predicted that the 
process of the present invention would produce significantly smaller particle sizes than 
the methods of Stein. 

I declare further that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true, and further that 
these statements were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, under Section 1001 of 
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Title 18 of the United States Code and that such willful false statements may jeopardize 
the validity of the application or any patent issuing thereon. 



Dated: UctfA MoydCDg W^uCW ^&>u 



Hermann Stein 
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chetis: M. Tomiu. V. Seodju, i Physiol. Chem. 169, 263 0 927); R. 
Voefftay ■ ^» 70, 20SB 0987). En*nrio«Iocdvc 

HWihetU from SWceittJ: M. Marri « «y. ( /, Or^. Chem. 65. 6766 
<2 W W-g^.f Wolf C R. A. fc^^iwi 

Absolute configuration: T. Ktfldco. R 
Yoshida. /P«. 35. 1 1S3 (1962). Metabolism in 

human*: M. £. Mitchell. Am. J. Ctia. Nutr. 31, 293 (1978) Hit- 
roric«l«vrew: C. Frtenfcd. S. Ftlednun. Vltam. Harm, XV, 73-11 g 
(1957). Rev«w phytiological significance ond deficiency xyn- 
drome*: C. J. Retouche. D. J. Paubon, aoav. Rev. Nutr. 6. 41.66 
(l9«6);ofcl)ftkal fj^olojy: J. J. BaW.IL BresderMflw Jfn, 
Pharmacol Twlcoi 11% 257-277 (1987): of bwymhfxii in mini- 
mal*: F. M. Vox. R. J. a. Wander*. Biockem, J, 361, 417-429 
(2002). Review of cffeci on myocardial metabolism and clinical 
cxpcHence in- ischemic hear) disease: R. Ungo */«/.. Conttoyast. 
*«. 51. 2 -29 (2001); of use at dietary supplement in athletes: H. 
Ktrlie. A. Lonninger. NiurUio* 20. 709-7 15 (2004), Symporium on 
physiology. P ha ";^W and therapeutic potential; Ami. Mr. 
Acad.Sa. I0J3. 1-I97 (2004). 



0-Carotene 



1853 

lJ).* FOrnU t5M3 " 00 ' 9J Cr y ,uu - m P Mt >*- f")? -20.4*(c« 

1851. Ciro'aAcid. (7722-86-31 rVrexymononiKurlc acid: 
tull^onopcrKid;pQUci|fttricac(d. H a OjS:molwt II4.0B, H 
1.77* O 70.12*. S 28.11%. Dry reagont Is prepd by ttirrmg 0 g 
potattlum perm (fate fmo 1 1 S coned H,$0« for 10 mm and adding 
W g finely powdered potassium sulfate; liquid reagent if obtained by 
^SSTi^S^^t persolfote with three limes at mac* (by 





OH CHi 

CrysuU from anhydrous ethonol + acetone, dec 196- 198* (Carter 
*}**x*fyY*K ^Ported u crystal, from (topropanol. mpSfT 
(O^JCMtm). ^hygrittcopi e .olid. Ic* ^aTj^c » iOte 

mV-Farm. (406-76-8) r Amlno-^hydnoybaivric add trim*o, 
Stnxtjj ^ Oer. 86. 525 (t953): H. E. Outer, p. K. KSSyyl 

^^^^ ^ ta ether ^ 

WapAyi. 66, 10(1957). Cry*ula.deeai0-2)2r [air* +30 9" 
Vcry«t in wmerand alcohol. PraciicaWy into] to aWo^detfl" 

^bydrochlorid*, [10017-M^ oSmSuS^ 

•WMcati Viiawin < eittyt B eco(k«or)/ 

iinl K tu°S ri n^ P 0$ Hf l ^A)anyl-L.hitUdine;lgno- 
i£m Toil wS 3 ^? 1 "2 226 ": C 47 * 78 *' « <-2^N 

^«rdiMmS2 J ^Sf* AUo pretent in oiher t u« Ue t « ttc h L 

33, ig02(7^w^^S,u ! n L Arniradtibi,^«r. 
*£ 0915) si^^""?;^^ c/< «"-«5. 495 (1932); 109, 

^ *J yi^^j s,',^ Lwwtymhetet: Slf- 

^CwS?ftii^;^l%^ A. Turner./. 

a/„ #J: 'i 1 *™« e m wound healing: D. E Flteher « 
^^'p^rfif; Jf u M ^' ^ 402 (Wfi^Rc.ieVoTphyt' 



■ A**fo* 29, 207-210 (2000). 

t *m«d t/n^ffi 1 " cthmoJ » (dec) (Vinick, Junri- also 

* ^^" S*? Attaliiw reaction. One gram diwoWel 
: tt^»5h^?^ H '«?? < V Cryttalt,d«a22* (ojff 
^ V ^^«?w^ 852 ^ iJ Crytult.d« 



Consult tk* Mime /nrf#x A*/or» urih/^ ttetttn. 



The prodoei is a tlmpy Jkjuld contitdng of oboul equal amounts 
it cvoived u room temp; thould be ttored a I dry ico lerop 
OttenpUon of explotion at Brown UnWertity: J. 0. Bdwordt. 

"**A n of<, y c »- oKidatkm of olefins to a^lycott; oxidaiion 
■no innnkuig: in bleofihing eomposf dona. 

in«™ner«moui>B. Ben tourcci for both lhe«-.«)flS«nciii» 
larnm Ah I, half u active u ^cneiene. FMmd In the molher 

Wtt 40, 1676 (1JJ7)! Ruejg « ffia 44, 95J (1951). 

Oil ^ 

Deep purple Dtftms, polyhodn from pel/ ether or from benzene + 

SSS2;/£S W,W \ P 101 '^ More sol than 

teSSr 5l5Sf y ^ £ cw ^»*^ chloroform; sol In ether. 
io£?29^ f*?^^o PC ^ e ^ e I* <J ? 0,,0, • JWmlbexanodlt- 

aartnttfln sealed ampoule* and ei iow tenia (-20TC) 

THEzapcati ViMrmin A precursor. 
^THEPUPCATcvsn: Vitamin A precursor for all species except 

fJ^VtE^n 1 m 35 * 40- ? ^^^Ccroiaben; 
S 5 2 ,We ' C 4pH„; mol wt 536.87. C 89.49%, H 
I0J1*. Most hnportant of the provitamins A. Widelv HUtri^,«! 

K«^ } w»n? "L?^ 5 2448508 0 Cteomatography: 

JioS' ^ itnienire: Sterling, Acta Crymftogr. 17. 1224 
( 1964), SynthMit; Mii« <t oK, /. Am. Chem. 5^? 73, 4844 
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y*Carotene 



( 1950); Karrer. Eugster. Camp/. Bend. 250, 1920 ( 1950): Inboffen 
el a/.. Chem. Zig. 74. 185. 009 (t 950); Stimuli*. Ofrter; /. Org. 
Chtm. 26, 1 171 (I9<|); ROegg etal.. Nctv. Chim. Acta 44, 985 
(1961): &c*tm*anetat..Ann. 1973, 760: FlschH, Mayer. Wrfv. Chim. 
Acta 5& 1 584 (1975). Industrial mfg procedure: Hler et at., Helv. 
Chim. Acta 39, 249 (1956): frier el at., US 2917539 (1959 lo 
HoflmaiuvLt Roche). Microbial production by Chaancphora tris* 
poro: Zejic. US 2959521; US 2959522 end US 3128236 (i960, 
I960 and 1964. all to Groin Processing): Miescher. US 3001912 
(1961 toCS.C). Review: Fleming, Selected Organic Syntheses 
(John Wiley. London. 1973) pp 70-74. 




Deep-purple, hexagonal prUms from benzene + methanol. Red. 
rhombic almost square leaflets £rom petr ether, mp 1 83* (evacuated 
tube). Absorption max (chloroform): 497.466 om. Less aol than 
or-carotene. Sol In CS,. benxeoe. chloroform. Moderately col In 
ether, petr ether, oils. 100 ml hexane dissolve 109 mg at 0*. Very 
sparingly sot hi methanol and ctfianol. Praetleally toxol (n water, 
acids, alkalies. Dfl tolns mro yellow. Absorbs oxygen from the air 
giving rise to Inactive, colorleu oxidation product*. Keep tightly 
closed and protected from tight* Store at tow temp (—10*C). 
Commercial crystalline 0-earotene has a vitamin A activity of 
1.67 million U.SJV anils per gram. The LU. of 0.6 jig 0-caratene 
to almost exactly equivalent to 03 pa vitamin A. 

USfi: Yellow coloring agcru for foods. 

TMBSapcat: Vttamtn A precursor. Ultraviolet screen. 

tHBRaP Cat (VET): Viumln A precursor for all species except 
cats. 

1854. r-Carotene. (472-93-5! C^H^; moi wt 536.87. C 
89.49%, H 1 0-5 1 9b. A rare earotenoid. Has provitamin A activity. 
Best source is PentclUium scterottorum: Mase et aJ.. Arch* Bio- 
chem. Biophys. 69, ISO (1957). Also present in small proportions in 
many plant materials, asp fruits containing ^ctrocene. Chromato- 
graphic Isotn from crude carotenes: Kuhn. Brockmann, Ber. 66, 
407 (1933): Wtateiwem, JL Physiol. Chtm. 219, 249 (1933). Struts 
cure; Kuha, Brockmann. he. tit.; Naturwissenschoftcn 21, 44 
(1933). Synthesis: Garberc et at.. Hetv. Chim. Acta 36, 1783 
(19530: Ruegg et at., ibid. 44, 985 (1961X 

Probably crystal Uses In polymorphous forms. Synthetic form: 
red plates, mp 1 52- 1 53.5*. Absorption max (petr ether): 437. 442, 
494 nm (B& 2055. 3100, 2720). Natural form: minute, deep-red 
prisms with bluish luster from benzene + methanol, mp 177.5*. 
Absorption max (chloroform): 508.5.475, 446 run. Somewhat less, 
sol than 0-caroiene. Store tn darkness in stated ampoules at tow 
tempi (0*Q. 

THERAPCaT: VHomin A precursor. 

TH&ftAP- cat (V6T): Vitamin A precursor for all species except 
cats. 

1S5S. frCaroteae. (472-92-4) c^Carotene, C< 9 H M ;mo) 
wr 536.87. C 89.49%, H 10.51%. Extracted from the fruit of 
CoAOcaryum pyrtforme Mlg., tcacinaceae: Winlentera, Z Physiol. 
Chan. 219, 249 (1933). Occurs also in carrots and certain varieties 
of tomatoes. Isolo from tomato mutants: Porter, Murphey, Arch. 
Biochem. Biophys. 32, 21 (195 1). - Stmcittre: - Karg), Quackcnbush. 
/*tfo*88,S9 (I960). Synthesis: Manchand ef «/.,/. Chcm. Soc. 
1965, 2019. Absolute configuration: Buchecker. Eogster, Helv. 
Chim. Acta 54,327 (1971). 



■ Long orange-red needles from CS 2 + he none : 
140.5*. [»] w +317*; tor)? +352* ±16% (hexi 
ipecoum: Kergl, Qoackenbuth. toe. cit. 

i8S6.»-CftfOtol. 1465-28-1) (3*-(3eOaa.8ac|[ 
Hexat^ydro-6,8s*dimcmy1-3-( J -methyterhyl)-3»( 1 
4J,8,8a-heiahydro-3*tsopropyl-6.8a-dtmethyl-3i 
C,»H M 0: moi wt 222,37. C 8 1.02%. K 1 1.79%, O' 
oil of carrot seeds, Davcus carota L„ UmMtifefi 
Tiukomom. J. Pharm. Soc. Jpn. 525, 961 (192$)^ j 
(1926): Sorm etaL Collect. Ceech. Chcm. Commta\ 
FSgulevikH, Kovaleva, ZK Pritd. Kldm. 32, 2703 f\\ 
Sykora et tf/.. Collect. Cscch. Chcm. Commun. 21 
Zalkow et /. Org. Chtm. 26, 981 (1961). $tcj| 
Levisalles, Rudler. Bull. Soc. Chim. Fr. 1964, 
Synthesis of (+)-forra: DeBrdssia et aU. ibid, 11 
Chcm. Commun. 1972, 855. 




6H W- CHj 



f+) - Cerolel J 

liquid, bp£ 126*. [ef] D 9 +304*. ng 1.4964. d tt ($j 

1857. Caroverine. [23465-76-11 1-(2-<Dt*W 
yt)44(4-meihoxyphenyl)niethyI)-2(l J/)-quinoxat 
amiRoethyIV3-<p*memoxybcnxyI)dihyaYo-2-ciuli 
mium. C 22 H 31 N)0 1 : moi wt 365.47. C 72.30*$ 
11.50%, O 8.76%. Prepn: Zellncr et al.. US 301 
DonaU'Pbarm.). Polarogrophic study: P, Pflegel,) 
667 (1969). Pharmacological study; P. Hann-rf # 
Phamoeodyn. Th*r, 199, 1 08 ( 1972). 




Crystals from tsopropy] alcohol mp 69*. bow 
Hydrocfatoritfe, Doc 188*. 
THERAPCA7: Antispasmodic. 

1858. Carpaine. [3463-92-1] C^H^N,©^ 
C 70.25%, K 10.53%, N 5.85%, O 13.37%. FfK 
papaya L. and to Vasconcellosh hatmo Caniel, Co] 
from papaya leaves: Greshoff, biededccL tiffs . 
tetaorg. No. 7, 5 (1 890); Rapopon, B aldrldge* J* ■ 
343(1951). Reportedly causes bradycardia, CMS ■ 
kowski. Arc*. Int. Pharm. IS, 84 (1905). Structure 
Isoy: Govindachari et at.. Tetrahedron Lett. 1966V': 
configuration: Coke, Rke.7. Org. Chcm. 30, 3420, (?j 
of structural studies: Qovind*chiii t J. Indian Ch 
(1968). 




Monoctinic prisms from ecctone, mp II 9-1 20^1 
120* under 0.05 mm pressure. Icafg? +24,7 B (c • 1.* 
Slt&btiy sol in water. Sol in most organic sol verm ex( 



^^ Pf O 0 dnorA0i«iBb : 

gKI^TicuiTe and ah* conftf 

^425 <^^irr./..^ 
l ^A'"B.Mat«i»n«4l. 
?'\"*netat..H''<«- 




Cameibnycin A: 
Carpel^nydn B 

! B S{eim^y ft n««lfi ft y , J^V 
b^li»(3.2.01hem-2^;2-c. 

rtMeueC-19393-Ms. *MibiotU 
SmiO»S: owl wt 34X17. Coli 
* V(c» 1.7 ift water), uv ma> 
i(Nakayama.l9SO). 
jVpetln^dn B. (76094-36 
• 1CA-6643-B; C-I9393-S-. 
orters solid melting above 
uv max (water): 240. 2 



I860. Ctrpbenazlae. (2< 
.I-p*pcmlnyl)propyl V 1 0 
-(4*(2-hydroKyethyl)- 1 - 
iexlot: 2-propionyl-IQ 
^nphcnothiazlne: Prok 
C 67.73%. H 7.34%. i 
i Sherlock, N. Sperber, U 
jiiow er at., US 3023146 ( I9t 



fir * 



At- 




t»^)azeptr 
^ i*t4«6^3. C 
M-^CanUhi, T. 
US 33296 



Pace 3*2 



Consult the Name index before using this section. 
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Toco) 



Uon: B. C. Rudy, 8. Z. Senkowski. Anal, Profiles Drug Svl 
111-126(1^74)' Pale yellow, viscous liquid, rap -27.5* 
0.9533. bpoo, 184*: bp^ 194*; bpo, 224*. *» 1.4930-1. 
uv max (cyclohexenc):- 285.3 Am. Practically inso! in w, 
Freely sol in acetone, chloroform, ether. Leu readily *ol tn trie 
USfc As an antioxidant in vegetable oils And shortening. 
therapcat: Vjuunin E supplement 
THErap cat <v etk Vitamin E supplement. 

9494*. /^Tocopherol. [16698-35-4]: {148-03-8] (oV-fo, 
<2«)-3^.0ihydre-2w5,8Mrimeihyl*2-R4^«H Jl. 1 2-»(meihf I 
decy) )-ZH- 1 .bentopyren -6.oI; (+)-2,5.8HrimetnyN2-(4,S,tr 
methyl tridccy|>-6-chTomtnoJ; 5,B-dimeUiyUocol; cumotoco; 
neotocopaerol: p-xytorocopherol. C„Hj,0 4 ; mol wt 4I6L« 
B0.7l%.H 11.61ft, 07.68*. One of the naturally occumnTZ 
of vitamin E, q.v. I* biologically lest active than oxooonl ' 
May be separated by fractional erystn: Emerson ct at.. Sci 
*3»42l Q9UkJ.Blal.Cnem. 113,319(1936); Baxter c/o/. 
Chem. See. 65, 918 (1943). 



mechanism of action: H, Ito, Export Op(n. Ther. Targets tL 287-294 

(,2004). 

THE ft: a p cat: Ami-fafarnmatory. 

9494. TocoL riI»-98-2J 3^.Dihydro.2-methyl-2.(4.8.I2- 
irimeihyItridecyl)-2/f. l^^yran-6-ol; 2^tiethy|.i(4.8.1 2*lrJ- 
me^yltrtdcryl^hniinaitol; 2-methyi-2-phytyl^<hromw>ol; 6- 
hydro*y-2-roethyl-2-p6yty)chroman: 2-methyl-2-phyrv|.6-hy- 
f J'SS???^ C » H «0,; mol wt 388.63. C 80.35*. M 
VjZ t ?i -v Synthcsl l lhe ««<»ensttiion of hydroquinooe 
and phytol m the presence of anliydr formic ocid: PendieJCnirer, 

S^Ti^ 4 ^ IM7 < ,957 >- Antioxidant activity of toeol and 
tta methyl denvt: Olcon. van der Veen. Upidi 3, 331 (1968). 

»IO^S^S^ CM, Of, CH, 

Colorless, vbcoas oil. bpa^, |65-175\ 
Aceute. CnlUftOa. Viscous on. bp^, 1 80-185*. 
use: Antioxidant. 

9495. ^Tocopherol. (59-02-9J (2A)-3.4.DihvdVo-2_S7^. 

^^^^ 

T^^^t^^^I tocopherol; 5,7.8^ixneihy|- 

fail: * I ; ^? • Mo " hi0 * ctivc 6f f h« oaiurally occurring 
jxaim. and oils, particularly palm. Mfflower and sunflower oils. 

(1937);«0, 700(1938). Synthesis of dV-form: P.Kancrct 0 /../M» 

7 ~ ~ 918 (,943 >* ^P* of crystalline 

££y£*~»t a * L I^ofcryVtallineaceute: 
«w./6/rf.64 .1487(1942). Abi coafig of natural o-tocopherol: H. 

22^J'A <ta 7 -t,/ - a, »- C * a *^ M »09»». Total 
ff* "i 8 2 981 i ?JS? ! ""^ fn Alzheimer's disease: M. Sano a 
S^e^ I ^ 

^Wl -T« (SooT < ^^ C; W ' ^ Free Radical Biol. Me± 



CKi 



CH, 



Pale yellow, viscous oIL bp*, 200-210*. (alg^, +2,9* (ca,5 
m ethanol), uv max: 297 nm (E{* 87.6). Insol m water. R* 
sol in oils. Ibis, acetone, alcohol, cbJoroform. ether, other-fat 
vents. Vejy stable to heat and alkalies. Slowly oxidized by 
photo oxygen, rapidly by ferric and silver salts. Gradually < 
on exposure to light. • <j 

^« 9 1 97, y T «°Pn«f«l» f54.28*4J: 17616-22-0) (dt-U 

docyl].2//-I.beniopyran-«-ol: (+)-2.7.8-triniethyt-2-(4J;K 
methyl(ridecyI)^-chromanol; C«J?^>->MOCopherol; 7£*sm 
J?*^ 1 o-*ylotocopli«rol. C, a H 4| O a ; mol »( 416.68. C803 
H 1 1 .61 ft, O 7.68*. One of lhe noturally occurring f^ 
vitamin E. ^.v. Most obunduti tocopherol In soybean ' 



CH, 



Cftem. San. 65,918 ( 1 943). Prepn of crystalline' natffml i 
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receptor kinase. Orthovanadate activates insulin re- 
ceptor kinase by inhibiting the activity of a protein 
tyrosine phosphatase in the cells. Cephalochromin is a 
polyphenolic compound that has been observed to ac- 
tivate the 1RTK activity (unpublished observation). 
Compound A is a small molecule that has been shown 
to enhance IRTK in these cells (21, 22). As shown in 
Fig. 2C, insulin receptor isolated from cells that have 
been treated with these agents showed a higher IRTK 
activity than the untreated cells. Moreover, this activ- 
ity was similar to what has been observed for these 
compounds using the radioactive version of IRTK as- 
say (date not shown). Taken together, these data dem- 
onstrate the usefulness of this assay for measuring the 
kinase activity of the insulin receptor that has been 
treated with diverse kinds of activators. 

In summary, we have presented a significant im- 
provement in the method to measure insulin receptor 
tyrosine kinase activity. This has been accomplished 
by developing a FRET-based assay, which utilizes a 
biotinylated substrate peptide from a natural sub- 
strate site of the IRTK, a Eu-labeled pT66, an an- 
tiphosphotyrosine antibody that specifically recognizes 
the phosphorylated peptide, and XL665-labeled 
streptavidin. Utilizing these reagents, we have demon- 
strated that this detection method yields results simi- 
lar to what would be expected with the radioactive 
version of this type of assay. We have also shown that 
this assay is not only able to detect insulin-stimulated 
activation of the receptor kinase activity, but is also 
able to measure increases in the kinase activity of the 
insulin receptor that has been stimulated with com- 
pounds known to enhance insulin receptor kinase ac- 
tivity in cells. In contrast to other formats this assay is 
performed in a single plate without various washing 
steps which are often necessary to remove unincorpo- 
rated ATP from the reaction. Due to t his feature of the 
assay we have been able to process more than twenty- 
five 96-well plates per day. In short, this assay is a very 
robust and efficient method of determining the status 
of insulin receptor kinase isolated from cells in vitro 
without the use of radioactive materials. 
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development of this assay. 
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ing zone method (Coulter technique), various scatter- 
ing techniques (static and dynamic light scattering, 
X-ray and neutron diffraction), chromatography, elec- 
trophoresis, and some other more exotic methods have 
been used for sizing. In liposome applications, the most 
common in recent years has been the dynamic light 
scattering technique. The method is relatively fast and 
easily applied to normal samples without special prep- 
aration. Also, it can be extended to assess the shape 
and size distributions. Electron microscopy, although 
more complicated, invasive, and time-consuming, 
helps to obtain detailed and reliable information about 
lipid particles having an extended size range or non- 
spherical shape. 

A rapid and reliable method of estimating particle 
size is especially useful when dealing with'lipid vesi- 
cles and, despite the numerous methods mentioned 
above, none of them combines both speed and ready 
availability of the required experimental equipment. 
In this paper we describe a method for estimating an 
average size of lipid vesicles with only a spectropho- 
tometer. Theoretical considerations and experimental 
evidence allow us to propose two possible measurement 
schemes, both based on calibration with vesicles of 
known size: (i) fit turbidities measured with more than 
one vesicle sample of known size to a standard curve; 
(ii) obtain the turbidity spectrum for a vesicle sample of 
known size and convert it to the size dependence of 
turbidity. The vesicle samples of known size can 
readily be produced by extrusion (1, 2). The details of 
both approaches are discussed further. 

Experimental Approach (Procedure I) 

Figure 1 represents the experimentally obtained re- 
lationship between the turbidity of a lipid suspension 
and the size of the constituent vesicles. Egg t-a-phos- 
phatidylcholine (Avanti) at 1 mg/rnl was used, samples 
of different sizes having been obtained by sonication 
for different durations of time in a water bath sonica- 
tor. The actual diameter of vesicles was measured by 
dynamic light scattering (Brookhaven Instruments BI- 
200SM goniometer and BI-9000 digital correlator; cor- 
relation curves analyzed by quadratic cumulants (3)). 
The turbidity was measured as the apparent optical 
density with a Beckman DU-50 spectrophotometer at 
440 nm (upper curve) and 780 nm (lower curve). 

The first important observation is the general shape 
of the curve. The turbidity as a function of vesicle 
diameter fits two intersecting lines, being linear for 
small and constant for large sizes. These two lines 
intersect at some wavelength, A i( which is proportional 
to (although smaller than) the wavelength of the inci- 
dent light. The plateau value of turbidit y depends upon 
the wavelength of incident light. The turbidity at any 
wavelength of the sample of any particle size was pro- 
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FIG. 1. General shape of the slze-turbidlty dependence for an egg 
L-or-phosphatidylcholine vesicle suspension at 1 mg/ml. Turbidity 
was measured at two wavelengths: A ~ 440 nm (circles) and 780 nm 
(squares). Closed symbols indicate size standards. Lines show the 
result of fitting by two intersecting lines as described in procedure 1. 



portional to the lipid concentration up to 5 mg/ml (data 
not shown). We conducted similar experiments with 
egg lecithin and its 7:3 mixture (by weight) with cho- 
lesterol and in all cases obtained the same general 
size-turbidity dependence (data not shown), indicating 
that such behavior is inherent in the properties of lipid 
vesicles as light scatterers. 

The explanation of the experimental size-turbidity 
dependence is given below in terms of Rayleigh-Debye 
scattering theory; however, even without a theoretical 
model, one can propose the following approach based 
only on the experimental results: 

1 . Measure the turbidity of a handshaken lipid sus- 
pension (in most cases these vesicles are larger than a 
wavelength, so it allows estimation of the turbidity 
maximum) — point 1 in Fig. 1. 

2. Measure the turbidity of two standards smaller 
than the chosen wavelength (for instance, obtained by 
extrusion) — points 2 and 3 in Fig. 1. 

3. Fit the above three values with two intersecting 
lines. 

The linear region of the curve can then be used to 
assess the size of the unknown vesicles. The maximum 
turbidity, although useless by itself for size estimates, 
determines the range of sizes where a calibration is 
applicable. 

Theory-Based Approach (Procedure 2) 

The overall turbidity of a lipid vesicle suspension can 
be related to the scattering characteristics of the indi- 
vidual vesicle (4). If we consider a homogeneous ensem- 
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ble of thin shells as the model, one can show that 
turbidity. A, is given by 2 



A = 0.054cS 0 NJa s /M 



[1] 



(see footnote for meaning of the symbols). The scatter- 
ing efficiency, a s , is the fraction of light scattered by an 
individual vesicle of given size, and in order to com- 
plete the model it is necessary to apply scattering the- 
ory to obtain its analytical expression. 

As long as a lipid vesicle is considered to be a thin 
shell or hollow sphere, the scattering efficiency can be 
determined within Rayleigh-Debye light scattering 
theory (5, 6). We generally followed this theory to de- 
rive an expression (below) for the scattering efficiency. 
Therefore, we will not present the complete derivation, 
which is rather straightforward, but limit our discus- 
sion to few important considerations. 

Rayleigh-Debye theory is applicable to lipid vesicles. 
The applicability of Rayleigh-Debye theory is limited to 
the cases when there is no significant change of phase 
of the incident light when it penetrates the particle. In 
order to satisfy that condition, the thickness of the 
bilayer h (or stacked bilayers in multilamellar struc- 
ture) should obey the condition, 



h \ Q /(47TW Q (m - 1)) - 1.1 A 0 , 



[2] 



when in 0 ~~ 1.33 — refractive index of water; rn = 
m Vl? Jm 0 - 1.4/1,33 = 1,05 and A 0 is the wavelength 
of incident light. Since the bilayer thickness is about 5 
nm, even highly multilamellar structures obey the 
above condition, as long as visible or ultraviolet light is 
used. It is especially important to emphasize that it is 



2 The intensity of transmitted light, /, is given by 

/= I 0 exp(~a s ncrl). 

where « s is scattering efficiency, n the concentration of particles, a is 
their cross-sectional area, 1 the optical path length, and /,, the inten- 
sity of the incident light. Turbidity, A, is 

A = -log(/// 0 ) = 0A3a s naI. 

The concentration, n. of unilamellar vesicles with bilayer thickness 
h and diameter D (assuming h < D), is given by 

n = c/w 0 = cS(]JWfJ 2 ttMD 2 , 

where c is the weight concentration of lipid. w 0 the mass of individ- 
ual vesicle, S 0 the area per lipid molecule in the bilayer, and M the 
molecular weight of lipid. Taking into account that a = ttD 7 /4, one 
can obtain 



the ' longest dimension through the particle" (Ref. 7, p. 
415), i.e., the bilayer thickness rather than its overall 
size (vesicle diameter), that is the decisive parameter 
for Rayleigh-Debye scattering. In the case of lipid ves- 
icles, this means that it is still applicable when the 
diameter of the vesicle is comparable to or even larger 
than the wavelength. 

Lipid vesicle: Thin shell or hollow sphere? The hol- 
low sphere model of lipid vesicles is clearly closer to 
reality than that of a thin shell. However, this model 
leads to undesirable complications of the final equa- 
tions. We compared the scattering efficiency a Si calcu- 
lated for both models, and found that the correction 
introduced by the hollow sphere model is less than 
0.2% in the case of unilamellar vesicles. Even for mul- 
tilamellar vesicles with as many as 10 bilayers it is less 
than —6%. We thus find Rayleigh-Debye scattering by 
thin shells to be adequate to describe the turbidity of 
lipid vesicle suspensions. The theory gives the follow- 
ing relationship between the turbidity A and diameter 
of vesicle D 



A 



cS Q NJmlh z {m 2 - l) 2 
4 " a * M\ 2 0 (m 2 + 2) 2 



Bo 



sin 0(1 + cos^sin^-n-moZ; sin(0/2)/A o ) 

sin 2 (0/2) 



dO, 



[3] 



where 0 0 is the acceptance angle of the detector (see 
footnote 2 for the meaning of other symbols). We intro- 
duce this parameter in order to indicate the fact that 
some part of the light scattered into small angles could 
impinge upon the detector, thus decreasing the appar- 
ent turbidity. 

Calculations based on Eq. [3] show that, as size 
increases, turbidity rises to a plateau value, given a 
finite but small acceptance angle. The physical reason 
for this behavior is that larger particles scatter more 
and more light into the small scattering angle domain 
as diameter increases. As a consequence, experimental 
readings will strongly depend upon spectrophotometer 
geometry. We found, for instance, that the turbidity 
changes dramatically when the sample-detector dis- 
tance is changed. The calibration procedure 1 (see 
above) and the experimental measurement must, 
therefore, be done under the same conditions (includ- 
ing sample concentration, lipid content, and measure- 
ment geometry) . The problem of sample-detector geom- 
etry could be resolved by appropriate correction factors 
(8) or instrumentally, by using diaphragms (4), but 
doing so would considerably complicate the procedure. 

Equation [3] can be rewritten in the following gen- 
eral form 
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A(D, A) = f{Dlk)lK\ [4] 

The function f in the above equation can be obtained 
from the turbidity spectrum of a standard sample 
(known size) and then used to generate the size-turbid- 
ity relationship for a fixed wavelength. This consider- 
ation makes possible another mode of spectrophotom- 
eter calibration, utilizing only a single sample of 
known size. 

1. Measure the turbidity spectrum (turbidity A as a 
function of wavelength) of a sample having a vesicle 
population of known size; i.e., obtain the function 
A Q (k) = A{D Q , A) - f\DJk)l\ 2 . As with procedure 1, 
the calibration sample can be produced by extrusion. 

2. Calculate the size dependence of turbidity mea- 
sured at some fixed wavelength A 0 , using the equation 

A(D, A 0 ) = HD/\ 0 )f\ 2 0 - /{D t A*oDJD))l\ 2 Q 
. = WA*)/Ag = A*M 0 (A*)/Ag 

= D 2 0 A 0 (K = k 0 D 0 /D)/D 2 , [5] 

where A* = \ 0 D 0 /D. 

It should be noted that this approach allows calibra- 
tion only in a limited size range. Let us assume that a 
D 0 = 100-nm extruded sample is produced and the 
turbidity spectrum is obtained over the A = 400-800 
run spectral range. Then, for A 0 = 400 nm, the calibra- 
tion can be used for sizes D = \ Q D 0 /k = 50-100 nm 
and, for A 0 = 800 nm, D = X Q D Q /k = 100-200 nm. 
Naturally, this approach would benefit from any exten- 
sion of spectral range. 

Concluding Remarks 

Turbidity and turbidity spectra measurements have 
been successfully used in the past to estimate the av- 
erage size of dispersed particles (see Ref.7, pp. 325- 
343; 9, pp. 491-494). Interestingly, specific turbidity 
(i.e., turbidity normalized to concentration) for solid 
spheres at first increases with size, reaches a maxi- 
mum, and then decreases for larger sizes. What ac- 
counts for the difference from the case of hollow 
spheres? If the scattering efficiency has a plateau be- 
cause of interference of light scattered by different 
parts of the particle, this would seem to apply to solid 
spheres as well. Closer analysis reveals that a differ- 
ence between shells and spheres is, in fact, expected. 
Equation [1] indicates that the only term which relates 
turbidity to size is the scattering efficiency of individ- 
ual vesicles. In fact, turbidity is also proportional to the 
cross-sectional area of the particle (i.e., to D 2 ) and to 
the number of particles in a unit volume, which for 
vesicles (i.e., thin shells) is inversely proportional to 
D\ Since these two dependencies mutually cancel, nei- 



ther appears in Eq. [1|. The situation is different if 
particles can be represented as a solid sphere. In that 
case their cross-sectional area is given by the same 
expression, but the particle concentration is inversely 
proportional to D 3 (not D ? ) , thus causing a decrease of 
the turbidity as a function of size, as long as the scat- 
tering efficiency increase is not so large as to over- 
whelm the particle concentration effect. 

The range of sizes available for the method is limited 
by the wavelength of incident light, thus giving the 
maximal measurable size of about 500-600 nm (can be 
slightly extended if proper equipment is available to 
take readings in the infrared range). Theory predicts 
that one can extend this range by reducing the accep- 
tance angle of the light detector; however, even with a 
zero aperture, the turbidity changes by only about 15% 
when the vesicle diameter drops from two to one wave- 
length. The accuracy of the procedure could thus de- 
crease, even with precautions to minimize the accep- 
tance angle. 

Chong and Colbow (4) previously described a method 
to obtain vesicle sizes using the turbidity spectrum. 
Their method did not involve use of any standards and, 
as a consequence, required determination of the refrac- 
tive index spectrum of the lipid. Determination of the 
refractive index is tedious and requires specialized 
equipment (10). On the other hand, the introduction of 
extrusion methods (1, 2) has made it very easy to 
prepare vesicle dispersions of known size. Turbidity- 
based vesicle size measurement has thus become emi- 
nently practical. Because the method presented here 
has important advantages of speed, simplicity, and 
common availability of the necessary equipment, it 
should be useful in laboratories in which liposome re- 
search is done. 
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Reporter vectors are essential for the quantitative 
analysis of gene elements that potentially regulate 
mammalian gene expression (1). These gene elements 
may be cis-acting, such as promoters and enhancers, or 
£ra/75-acting, such as various DNA-binding factors (2). 
Several kinds of reporter vectors have been developed 
to study the promoter and/or enhancer activities of 
genes: chloramphenicol acetyltransferase (CAT) 2 re- 
porter vector, /3-galactosidase reporter vector, jS-glucu- 
ronase, alkaline phosphatase reporter vector, green 
fluorescent protein reporter vector, and luciferase re- 
porter vector (3-7). Currently, reporter vectors using 
chemilurninescence-based assays (/3-galactosidase re- 
porter vector, /3-glucuronase, alkaline phosphatase re- 
porter, vector, and luciferase reporter vector) are com- 
monly used in many quantitative analyses of gene 
elements (8) , because the. sensitivity of the assays is 
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several orders of magnitude greater than that of con- 
ventional colorimetric- or fluorometric-based assays. 
Of them, luciferase reporter vectors are the most fa- 
vored reporter vectors for functional analysis of pro- 
moters and enhancers of genes, due to their rapid, 
sensitive, and reproducible assay system (9). In the 
luciferase assay, luciferin and other components are 
added to cell extracts, and the production of light from 
both cell extracts expressing the luciferase gene is 
measured conveniently by a luminometer or scintilla- 
tion counter (10). 

Although luciferase reporter vectors have been com- 
monly employed in numerous studies, the transfection 
of only luciferase vector cannot provide normalized 
values of the activities of gene elements without simul- 
taneous transfection of a second reporter vector to mea- 
sure the efficiency (11). In this paper, a novel report 
vector (pJDL cmv ) was constructed to contain two lucif- 
erase genes, Photinus pyralis and Renilla reniformis 
luciferases, regulated by two different promoters for 
the first time, in order to measure simultaneously pro- 
moter activity and transfection efficiency. Two promot- 
ers of human glutaredoxin and ribonucleotide reduc- 
tase R2 gene were investigated with this novel reporter 
vector to verify its appropriateness for simultaneous 
measurement of promoter activity and transfection ef- 
ficiency. 

Materials and Methods 

T4 DNA ligase and restriction enzymes were pur- 
chased from Promega (Madison, WI), Chameleon dou- 
ble-stranded site directed mutagenesis kit was from 
Stratagene (La Jolla, CA), and Taq polymerase and 
deoxynucleotides were from Perkin-Elmer (Norwalk, 
CT). Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) 
was used to determine the amount of protein. 

Cell culture conditions. HeLa and NT cells were 
cultured in DMEM supplemented with 10% fetal bo- 
vine serum. The cells were grown to 60% confluence for 
the transfection experiments. 

PCR cloning of P. pyralis and R. reniformis lucif- 
erase genes. P. pyralis and R. reniformis luciferase 
genes were amplified from pGL and pRL vectors (Pro- 
mega), respectively, by PCR using respective forward and 
backward primers corresponding to two genes: 5'-TGCT- 
TGGCATTCCGGTACTGTTGG-3' and S'-TTTACAATT- 
TGGACTTTCCGCCCTTCTT-3' for the Photinus gene; 
5 ' -CTGC AG A AGTTG GTCGTG AG G C AC-3 ' and 5'-TT- 
GTTCATTTTTGAGAAC AGC-3 ' for the Renilla gene 
(12). 

PCR cloning of two DNA fragments containing poly (A) 
signal for P. pyralis and R. reniformis luciferase genes. 
Two DNA fragments containing SV40 early and late 
poly(A) signals were respectively amplified from pEGFP 
(Clontech) and pRL (Promega) by PCR using forward and 
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Summary A new ultra-high-pressure homogenizer was used to make very fine oil in water emulsions. 

The effect of pressures up to 350 MPa on sunflower oil (20%) in water emulsions was 
studied. The emulsifier used was whey protein concentrate (1.5%). The properties of the 
emulsions were characterized by laser light scattering (droplet size distribution) and coaxial 
cylinders rheometry (rheological behaviour). The protein adsorption fraction was obtained 
by a spectrophotometric method using bicinchoninic acid reagent. 

Significant modifications in the structure and the texture of the emulsions were observed 
as the pressure increased. No change was revealed by polyacrylamide gel electrophoresis of 
the whey protein within the pressure range studied. Microdifferential scanning calorimetry 
scans indicated that the changes of the structural and textural properties may be because of 
changes in the protein conformation. 

Keywords Droplet size, emulsification, microdifferential scanning calorimetry, protein adsorption, viscosity. 



Introduction 

A large variety of foods are emulsions, from the 
more natural, e.g. milk, to the more sophisticated, 
e.g. sausages, mayonnaises. Emulsions are disper- 
sions of liquid droplets in a liquid continuous 
phase. As the two liquids are immiscible, emul- 
sions are very unstable. In order to stabilize 
emulsions, there must be surface active molecules 
at the interface of the droplet to prevent instan- 
taneous coalescence. 

Food emulsions are commonly produced in 
high-pressure homogenizers, in colloid mills or in 
batch reactors with high-speed blenders. Initially 
built for the homogenization of milk, high-pressure 
homogenizers are the most often used, as they give 
fine emulsions with precise texture properties 
(creams, ice creams) and higher degrees of stability. 
The principle of high-pressure homogenization is 
simple: a coarse emulsion produced with a 
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high-speed blender is forced under pressure 
through a narrow valve. The combination of the 
intense shear, cavitation and turbulent Mow condi- 
tions in this valve leads to the disruption of fat 
globules (Walstra & Smulders, 1997; McClement, 
1999). The decrease of the average size of the fat 
globules reduces the creaming velocity (Stokes law) 
and increases the stability of the emulsion. Food 
homogenizers usually go up to 60 MPa and the gap 
of the valves is typically between 15 and 300 um. 
Increasing the pressure and decreasing the gap size 
cause a greater degree of breakdown of droplets. 
Despite the large use of high-pressure homogeniz- 
ers, few studies deal with the effect of very high 
pressures on the emulsions properties. Moreover, 
the studies are limited in the pressure range. 
According to Mulder & Walstra (1974) and Phipps 
(1975), the average fat globule diameter (d) 
decreases with emulsification pressure (P) in a 
relation da?-°' 6 , for pressures between 0.25 and 
40.5 MPa. Davies (1985) described the breakdown 
of fat droplets with the Kolmogoroff theory and 
found a relation between the maximal droplet size 
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and F* A . According to Tornberg (1980), for 
pressures over 40 MPa and for a mass oil fraction 
of 12%, a phenomenon called 'overprocessing' 
occurs: the average droplet size increases with 
pressure. Robin et al. (1992) processed butter oil in 
water emulsions, with sodium caseinate as emulsi- 
fier, from 7.8 to 76.3 MPa in a microfluidizer. In 
the microfluidizer, two microsteams were projected 
under pressure against one another. They showed 
that the average size of fat globules decreased with 
pressure and reached a minimum around 60 MPa. 
Until now, no study has related the effect of 
'dynamic' high pressures over 100 MPa on food 
emulsion formation. The effects of isostatic pres- 
sure on emulsions has been studied as a means of 
preservation. It has been shown that its influence 
on the already formed emulsions depends on the 
emulsifiers used (Dumay et ai. t 1996). 

Thus, the purpose of this work was to test the 
hypothesis that ultra-high-pressure homogeniza- 
tion (from about 50 to 350 MPa) significantly alters 
properties of oil-in-water emulsions when com- 
pared with more traditional pressure treatments. 

Material and methods 

Ingredients 

Whey protein concentrate *PS85' (85% protein), 
obtained by ultrafiltration of casein serum, was 
supplied by Eurial Poitou Touraine (Herbignac, 
France). The reported composition of this product 
is: JVx6.38: 85%; fat: 3%; mineral salts: 4%; 
water content: 4%; pH 6.5 ± 0.2. The proteins 
are soluble over the complete pH range, and are 
good emulsifiers at pH < 7, 

Sunflower oil was purchased from Lesieur 
(Neuilly-sur-Seine, France). Distilled water was 
filtered through a 0.2-um filter before use. Solu- 
tions of whey proteins (1.5%) were prepared using 
a ultraturrax rotor-stator system (Ika Larbortech- 
nik, Staufen, Germany) and stored at 4 °C. 

Ultra-high-pressure homogenizer 

Coarse emulsions containing 20%, by mass, of 
sunflower oil and 80% of the whey protein concen- 
trate aqueous solution were prepared at 4 °C, using 
an ultraturrax rotor-stator system and then passed 
through a homogenizer operating from 20 to 



350 MPa (Stansted Fluid Power Ltd, Essex, UK). 
Emulsions were homogenized at different pressures 
in the range of 50-350 MPa. The homogenizing 
chamber was cooled with a cooling jacket contain- 
ing cold water at 5 °C, in order to slow down the rise 
of temperature. Each emulsion was carefully col- 
lected and stored at 4 °C before analysing. This 
procedure was used to prevent any change in the 
size distribution of the fat globules because of 
churning. The experiments were duplicated. 

The reproducibility of the high-pressure 
homogenization was tested by repeating an 
experimental point (20% oil, 150 MPa) four times. 

Light scattering measurements 

The size distributions of the oil droplets were 
determined by the laser light scattering method. 
The diffractometer model used was the Mastersizer 
S (Malvern Instruments, Malvern, UK) equipped 
with a 300 reverse Fourier lens and a He-Ne laser 
(A. = 633 nm). The emulsion was measured 5 min 
after ultra-high-pressure homogenization to cancel 
any creaming effect, and diluted to about 1/1000 
with distilled water in the diffractometer cell, whilst 
stirring. Size distribution was presented as volume 
percentage vs. droplet diameter. The volume size 
distribution was calculated from the intensity of 
the light diffracted at each angle using Mie theory. 
The analysis requires a parameter known as the 
presentation value, a combination of the ratio of 
the relative refractive indices of the dispersed phase 
and water and the absorbance of the dispersed 
phase. The 3NAD presentation was used: oil 
(1.4564, 0.0000) in water (1.33), for which the 
absorbance value was selected after consultation 
with Malvern Instruments and verified using a 
carefully diluted emulsion of known concentration. 
The full size distribution was obtained using a 
polydisperse analysis, which allowed the calcula- 
tion of the mean droplet diameter d 32 (Sauter mean 
diameter) and a dispersion index called 'span*, 
defined as 

d[90]-d[\0] 
Span = 4[50] 

where d[x] is the average droplet size in a volume 
in which [x]% of the total sample weight remains 
constant. Measurements were repeated three times 
for each sample. 
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Rheology measurements 

Dynamic shear stress measurements were done at 
20 °C with an AR 1000 Rheometer (TA Instru- 
ments, Waters Corporation, USA), equipped with 
a coaxial system (medium concentric cylinder with 
a conical end; Rl = 13.83 mm, R2= 15.0 mm). 
Flow curves (shear stress vs. shear rate) were 
determined at increasing shear rates: 0-1200 s~ l in 
2 min (up and down flow curves). 

Protein surface concentration 

Emulsion samples were centrifuged at 13 000 g for 
30 min to separate the droplets from the aqueous 
serum phase. The supernatant (the cream) was 
carefully removed from the aqueous phase using a 
syringe. The cream layer was resuspended in ultra- 
pure water to wash away any protein trapped 
between droplets, and the resulting emulsion was 
centrifuged again at 13 000 £ for 30 min. The 
protein concentration of the two serums was 
determined by the Sigma Pierce spectrophotomet- 
ric method using bicinchoninic acid reagent (BCA, 
Sigma procedure TPRO-562). This spectrophoto- 
metry method is based on the reduction of Cu 2+ 
to Cu + by the proteins (Biuret reaction). Cu + 
reacts with the BCA and an intense purple complex 
is formed. This complex produces an absorbance 
maximum at 562 nm, which is directly propor- 
tional to the protein concentration (Smith et al t 
1985). A calibration curve was generated using 
bovine serum albumin (BSA) standard solution 
(Sigma, St Louis, USA), with a determination 
coefficient r 2 = 0.99 (15 different concentrations 
used). The quantity of whey proteins absorbed was 
expressed in equivalent BSA and was calculated 
from the difference in the serum concentration 
prior to and after emulsification. The surface 
concentration of the absorbed protein was calcu- 
lated from the known surface area per unit volume 
of emulsion and the difference in the amount of 
protein measured in the serum phase and the 
amount used to make the original emulsion, 
making allowance for any dilution. 

Electrophoresis (SDS-PAGE) 

The protein fractions were determined by sodium 
dodecyl sulphate-polyacrylamide gel electrophor- 



esis (SDS-PAGE), following the procedure des- 
cribed by Arrese et ai (1991). Gel slabs were fixed 
and stained simultaneously in aqueous solution 
containing 40% v/v ethanol, 7% v/v acetic acid 
and 0.025% coomassie brilliant blue R250. Pro- 
teins were denaturated with a treatment buffer 
containing 0.125 m Tris, 4% SDS v/v Glycerol, 
0.2 m dithiotreitol, 0.02% bromophenol blue. 
About 50 ug of protein was applied to each gel 
slot. Molecular weights of the protein bands were 
estimated by means of the SDS-70L kit (Sigma 
Chemical Co., St Louis, USA). 

Microdifferential scanning calorimetry 

Microdifferential scanning calorimetry (uDSC) 
was used to assess the degree of denaturation of 
the whey protein by the pressure of homogeniza- 
tion. uDSC thermographs of aqueous solutions of 
whey proteins before and after a single run in the 
homogenizer were prepared by using a Setaram 3 
calorimeter (Calluire, France). Samples (700 mg) 
of 2% dispersions of whey proteins (pH 6.7) in 
distilled water were hermetically sealed in hastel- 
loy C276 pans (volume =1 cm 3 ). A closed pan 
filled with distilled water was used as the reference. 
The heating rate was fixed at 0.5 °C min" 1 from 20 
to 110 °C. Triplicate samples were analysed by 
uDSC. 

Results and discussion 

Whey protein composition 

Electrophoresis measurements indicated that the 
whey proteins were mainly composed of P-lacto- 
globulin (18 600 Da), oc-lactalbumin (14 200 Da), 
and serum albumin (66 000 Da) (Fig. 1). Exam- 
ination of the uDSC curves showed three endo- 
thermic phenomena (Fig. 2): the first around 
40-45 °C, the second between 60 and 65 °C and 
the third between 70 and 75 °C. These endother- 
mic phenomena in whey proteins are explained by 
the behaviour of P-lactoglobulin and ct-lactalbu- 
min, which are the predominant proteins 
(Paulsson et ai, 1985). The dimer form of P- 
lactoglobulin exits at 5.2 < pH < 7.5 as in our 
case (pH 6.7). Thus, according to McKenzie 
(1971) the first endothermic peak could be a 
dissociation of the dimers of P-lactoglobulin. The 
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Figure 1 (a) SDS-PAGE of proteins before and after a single run in the homogenizer. Ref: a-lactalbumin (14.2 kDa), tripsin 
(20 kDa), egg albumin (45 kDa), serum albumin (66 kDa). Column I: before homogenization. Columns 2-6: after a single 
run in the homogenizer at 2: 30 MPa; 3: 60 MPa; 4: 90 MPa; 5: 120 MPa; 6: 150 MPa. (b) SDS-PAGE of protein after one 
run in the homogenizer. Ref: see (a). Column 1: 180 MPa; 2: 210 MPa; 3: 240 MPa; 4: 270 MPa; 5: 300 MPa; 6: 350 MPa. 




Temperature 

second endothermic peak at 60-65 °C corresponds 
at pH around 7 to the denaturation of the 
ot-lactalbumin, and the last endothermic peak 
around 70-75 °C corresponds to the denaturation 
of the p-lactoglobulin. 

Reproducibility of the experiments 

The reproducibility of the high-pressure homoge- 
nization after testing with an experimental point 



Figure 2 Micro- DSC graph of 
whey protein aqueous solutions 
(1.5%) before (I) and after (2) 
treatment at 300 MPa in the high- 
pressure homogenizer. 



(20% oil, 1 50 MPa) and repeated four times on 
four different days is shown in Table 1 . According 
to the s.d. obtained, the reproducibility was 
satisfactory. 

Evolution of temperature during the experiments 

Despite the use of the cooling jacket, the tempera- 
ture of the emulsion at the exit of the valve 
increased linearly with the pressure in the valve 
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Table 1 Reproducibility of the point ISO MPa, 20% oil 



Temperature at the exit 
of the homogenizer 



Sauter diameter 
d 32 (fim) 



Size dispersion 
coefficient 



Viscosity 
(Pa s) 



Fraction of adsorbed 



proteins (mg m" 2 ) 



40 q c m 



0.68 (0.02) 



3.75 (0.6) 



Values within parentheses are standard deviations. 



0.009 (0.001) 



0.77 (0.1) 
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Figure 3 Effect of pressure on the temperature at the exit of 
the homogenizer. 
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Figure 4 Effect of the pressure of homogenization on the 
Sauter diameter rf 32 and the viscosity n of the emulsions. 



(Fig. 3). Above 300 MPa t the temperature of the 
emulsion at the exit is close to the temperatures of 
the peaks observed by uDSC. 

Effect of high pressure on emulsion properties 

The Sauter diameter before homogenization was 
around 30 urn. Homogenization reduced the 
Sauter diameter appreciably, the reduction 
increasing with treatment pressure from 50 to 
90 MPa (Fig. 4). This result agrees with the 
study of Robin et ai. (1992), who observed a 
decrease in the droplet average size between 7.8 
and 76.3 MPa. Above 90 MPa, d n increased 
with pressure (Fig. 4) and then stabilized 
approaching 200 MPa. Robin et al (1992) 
observed a similar plateau of the droplet size 
diameter, but between 60 and 76.3 MPa. This 
phenomenon can be referred to as 'overprocess- 
ing,' as stated by Tornberg (1980): the average 
droplet size is stable over a certain range of 
pressure, and increases at higher pressures. The 
density of energy (up to 10 12 W m" 3 ) is estima- 
ted by knowing the flow rate and the pressure 
drop inside the valve, and is partially dissipated 
as heat (Fig. 3), which can lead to an increase of 
the Sauter diameter: the Brownian motion 
increases and so also the probability of collision 
and coalescence. 



Above 200 MPa, d^ decreased and then 
increased again at around 250 MPa. However, 
there was a final decrease of d n above about 
300 MPa. This final decrease could be explained 
by the increased probability of rupture. At this 
level of pressure, the shear rate inside the valve is 
enormous, the probability of rupture again be- 
comes higher than the probability of coalescence 

and d-$2 decreases. 

The effects of high-pressure homogenization on 
the sizes dispersion coefficient are interesting: 
above 90 MPa, as the pressure increased, the 
dispersion coefficient strongly decreased (seven- 
fold) (Fig. 5). Also, the droplet size distribution 
was bimodal for the lower pressures, but at higher 
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Figure 5 Effect of pressure of homogenization on the size 
dispersion coefficient of the droplet. 
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Figure 6 Size distribution of the oil droplet of the emulsion 
after a single ran in the homogenizer at 300 MPa. 



pressures the second peak decreased (Fig. 6). 
Thus, the coalescence rate of the droplets is 
reduced because a large dispersion favours rapid 
coalescence. Above 90 MPa, the main effect of 
high-pressure homogenization on the size proper- 
ties is the decrease in the dispersion coefficient of 
size. 

Examination of the rheological properties of the 
emulsions showed a Newtonian behaviour in all 
cases, agreeing with previous studies (Desrumaux 
& Delia Valle, 1999). However, the viscosity 
changed with the pressure in the valve (Fig. 4). 

It is interesting to see the similarity of behaviour 
between the curves for the viscosity r\ and the 
Sauter diameter d 32 (Fig. 4). Both show a compli- 
cated behaviour, with four zones, although differ- 
ences exist in the limits of the zones. In the first 
zone, up to 90-100 MPa, the Sauter diameter 
decreased and viscosity increased slowly (Fig. 4). 
At the same time, the amount of adsorbed protein 
increased (Fig. 7), as expected, since, as the 
average droplet size decreases, the specific area 
increases, which leads to an increase of the 
fraction of adsorbed proteins. Above 100 and up 
to «210 MPa, dyi increased and reached a plateau 
(Fig. 4), which can be attributed to the 'overpro- 
cessing* phenomenon. Simultaneously, the frac- 
tion of adsorbed proteins, decreased strongly and 
then increased (Fig. 7). Viscosity followed the 
same behaviour as d n (Fig. 4). Above 
200-210 MPa the behaviour of the structural 
and textural properties was complicated and, is 
probably explained, by the effect of the high 
pressure on the protein conformation. Indeed, 
studies on isostatic high-pressure treatment of 
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Figure 7 Effect of pressure of homogenization on the 
fraction of absorbed proteins. 

proteins have shown that pressure has a huge 
effect on food protein functionality (Messens 
etaL, 1997). High-pressure effects on proteins 
are primarily related to the rupture of noncovalent 
interactions within protein molecules and to the 
subsequent re-formation of intra- and intermo- 
lecular bonds within or between protein molecules 
(Smith et a/., 2000). As extensively described by 
Messens et aL (1997), the whey proteins, partic- 
ularly the p-lactoglobulin, are far more sensitive to 
isostatic pressure than other proteins such as BSA. 
In our case the treatment at high pressure was very 
short, estimated at 10" 4 s from the flow rate and 
the size of the gap («1 um), but was associated 
with a significant rise in temperature (Fig. 3). The 
complicated effects of pressure on emulsions 
properties could be explained by a change of 
conformation of the emulsifying whey proteins 
during the emulsification process. Only a small 
part of the whey protein is likely to be absorbed at 
the water/oil interface in the coarse emulsion, 
because the kinetics of absorption requires a much 
longer time than that for emulsification. Thus, a 
large part of the whey protein was in the aqueous 
phase during the homogenization and the absorp- 
tion of the whey protein at the interface occurred 
after homogenization. In order to understand the 
possible change of the whey protein, we tested 
aqueous whey protein solutions (1.5%) before and 
after a single run in the homogenizer at 300 MPa 
(Fig. 2). Comparing the uDSC graph with the 
HDSC graph obtained before treatment in the 
high-pressure homogenizer (Fig. 2), it can be seen 
that the endothermic peaks disappeared, indica- 
ting that the proteins had probably denatured. 
This phenomenon is because of the combined 
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effects of the high shear rate inside the gap 
(velocity at 300 MPa estimated at 500 m s" 1 ) and 
the rise of temperature observed. At such a high 
pressure, it was impossible to slow down the rise of 
temperature inside the valve, the temperature at 
the exit being directly proportional to the pressure 
of homogenization. Electrophoresis measurements 
of extracted proteins after treatment in the high- 
pressure homogenizer did not show any significant 
change in the molecular weights (Fig. Ib): the 
proteins were not broken down into smaller 
entities during the homogenization, the time of 
treatment (estimated at KT 4 s) probably being too 
short. 

Over 200-210 MPa, the proteins were denatured 
and had probably partially lost their emulsifying 
activity (Fig. 4). The effect of the high-pressure 
homogenization could be protein aggregation; 
however, the electrophoresis experiments in the 
presence of SDS prevents observation of protein 
aggregation. 

Conclusions 

The effects of high-pressure homogenization on oil 
in water emulsions are complicated. From 20 to 
100 MPa, the Sauter diameter decreased, confirm- 
ing the results of Davies (1985) and Robin et al. 
(1992). Over 100 MPa, d n , viscosity and the 
fraction of adsorbed protein displayed up to four 
zones of behaviour: from 100 to 210 MPa, the 
Sauter diameter and viscosity increased up to a 
maximum. This behaviour could be because of the 
'overprocessing* phenomenon. Over 210 MPa, 
u£)SC graphs on whey proteins before and after 
a single run at 300 MPa in the homogenizer 
confirmed changes in protein conformation, prob- 
ably because of the combined effects of high- 
pressure treatment and the rise in temperature 
observed. This change in the conformation of 
proteins probably modifies the emulsifying prop- 
erties of the whey proteins. There is a strong 
correlation between the formulation of emulsion 
and the range of pressure used in homogenization. 
For sunflower oil in water emulsion (20% oil) 
stabilized with whey proteins, the optimum pres- 
sure of homogenization according to the light 
scattering measurements is =100 MPa. At this 
pressure the dyx and the size dispersion coefficient 
reach a minimum. 
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SWWna 2' ~ TT? Influence of certain process variables (pressure and temperature) as well as 
S^JT^S. {U t\ P ' 0tein and low molecular wei 9ht emulsifler concentrations) on the size 
f^fl^oi *~ "** 8tudied h a dai| y "wlel emulsion (oil-in-water) produced by 

ESSJSSSf?'-" T*^ iCaS emulsifica *»< technique. The use of a central composite 
S^L^ 3 " us to obtain 2 nonlinear multiple regression equations relatinglhe 

^TT~f ^ dK ? meter 01 «"» fat 9lobules (dj. as well as the relative size distribution 

1 T^ atton pressure (7-8-76.3 MPa) and temperature (35-100 °C). and to 
Z^Z^^t?*?? Wt%) - buttor °» < 5 - 2 " 14 - 7 **> *"* monoglycaride (O.os-o'tlS wt%) 
^SST^t functions account respectively for 93.7 and 81.7% of the variation In the 
average diameter and in the size distribution width of the microRuidized fat globules and were used 
to explain certain interactions between the different variables affecting the size of the rntcrofluidized 

» 8re a'so «sed to demonstrate the existence of the optimal conditions that 
oorrespond to me extremes of (he average particle diameter and of the distribution width of the fat 
globules, finally, these 2 functions allowed us to predict fat globule size parameters as a function of 
process and formulation conditions. 

emuleificatldn / microfluidization / oil-in-water emulsion / fat globule 

F" 

t ^J^i^'f °? Uidis ! tion <Wnwl»'or« laltieres modeles. L Preparation des emulsions et 
I 2Sf if f^"" * focede et de formulation sur la distribution de la taille des glo- 

I ^ 9 L OT * jence * certaines variables operatoires (presslon et temperature) etdesva- 

| naaes de composition (teneurs en hulle de beurre, en proteine et en emulslHant de taible poids mo- 

|, ■ 

thK^Sf 1 ? ? ""iJ 8 !^ - ^ ° a concentration (wt%); cv- coefficient of variation or rela- 
I' fmntS^flT 0 ? ? ^° vo^-'wiahted size distribution (%); d, = volume-weighted average 
| lag^uie diameter (m); D = diffusion coefficient (m2.s-i); F= number of factorial points of the 

I ^irtCrjSrr/SS * = number * '"d* 06 "*"* var^Mes or conductivity of a solution (S.m-i = 
I p 1 ^ = ' n ™°9^nde concentration (wt%); [Prof] « protein concentration (wt%); 

t L,S H ^^ pre ^iT a = mr - k 9- ,r8 ); 0=fl°w rate (m».s-'); S = interfacial area (rrt 2 ); 7 = 
*™^ification temperature (K); a = distance separating a star point from a factorial point in terms of 
«*ed variables (dimensionless); e - power density (W.m-3 - nr' J«g.s-*); <P = volume fraction of the 
«sperse phase (dimensionless); y= interfacial tension (N.rrr' = kg**); p = mass density (kg m-3) 
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tecutaire) sur la distribution de la tattle des globules de gras (Tune emulsion laltiere modele (huife 
dans I'eau) a 6t& ttudlte pour una technologle d'emulsification mecanique donnte : la mtcrofiuidisa. 
Hon L'utilisation ctun disposal experimental central composite a permts i'obtentlonde 2 equations de 
regression multiple non lineaires reliant le diametre moyen des globules de gras (dj alnsf que Man* 
due relative de la dispersion des tames (cv) a la pression (7,8-76,3 MPa) eta la temperature cfemut- 
sification (35-100 °C), aux teneurs en castinata de sodium (0,5-3,9% de la masse totale), en hutie 
de beurre (5,2-14,7%) et en monoglyce'ride (0,09-0,68%). Cos 2 tbnctions expllquent respectivement 
93,7% et 81 ,7% des variations du diametre moyen des globules de gras microtiuidise's et de I'ttandue 
relative de to distribution des tallies dans tes valours consld6r6es des parametres. Ces tonctions ont 
en outre permls d'expBqver certahes interactions entre tos diffe'rentes variables preotees sur la distri- 
bution de la tallle des globules de gras microtiuidise's. Etles ont tgalement permls de mettre en evi- 
dence I'existence de conditions optimales correspondent a des extremums du diametre particutalre 
moyen et de fetandue de la distribution de la tallle des globules de gras. Finalement, ces 2 tonctions 
nous ont permls de prSdlre la distribution de la faille des globules de gras en fonction des conditions 
de prvcddes et de formulation. 

emulsWcation / microti uidisntton /emulsions huUe dans I'eau /globules de gras 
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INTRODUCTION 

For a number of Industries, the homogen- 
ization, and more generally the mechani- 
cal emulsification of liquids, dietary as well 
as others, has become over the past many 
years an important technological process. 
The use of this type of process in the food, 
pharmaceutical and cosmetic industries in 
general and in certain dairy operations in 
particular is essential for the production of 
emulsions with certain desirable theologi- 
cal properties (creams and ointments), tex- 
tures (ice cream, mayonnaise) and de- 
grees of stability (milk, salad dressing) 
(Dickinson and Stainsby, 1988). The prin-. 
cipte of homogenization and mechanical 
emulsification processes which, according 
to Gaulin, must aPow "de fixer la composi- 
tion des liquides" remains simple: in the 
case of milk, the homogenization process 
results in a considerable decrease in the 
size of the fat globules found in the initial 
suspension, and has the effect of increas- 
ing the creaming stability of the emulsion 
(Tadros and Vincent, 1983). Aside from 
conventional homogenizers, relatively few 
mechanical emulsification processes have 
been and are used in an industrial setting 



: L!:t8 



(Walstra, 1983). During the 1980s, how- 
ever, other mechanical emulsification pro* 
cesses appeared. One of them, called rm- 
crofluidization (Cook and Lagace, 1985; 
Washington, 1987), was initially used prin- 
cipally in the cosmetic and pharmaceutical 
industries (Chandonnet et at, 1985). More 
recently, microfluidization was suggested ^ 
as an alternative method for the production 
of milk fat microcapsules (VuHlemard, ^ ? 
1991), alcoholized creams (Paquin and * 
Giasson, 1989) and for milk homogenize; 
tion (Pouliot et al, 1991). If the result of Uieps 
process is similar to that of homogeniza- 
tion (reduction in the size of the f at glotj^ 
ules), the means used to achieve such aM* 
result are different As is the case for coo^ 
ventional homogenization processes, thc^ 
liquid is forced under high pressure intoa^ 
chamber However, in the case of the : Tn||& 
crofluidization process, the liquid Is then ||| 
vided Into 2 mlcrostreams that are p " ~ J 
ed against one another at high speed anc^ 
at an angle of 180° (Cook and LagaSef^ 
1985). 

Other than a considerable change in 
dispersion state of the fat, the emulsifici^ 
of dietary liquids also results in a consio^ 
ble rearrangement of the oil-water intef 
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(Walstra and Oortwijn, 1982) where mainly 
2 classes of molecules can be adsorbed: 
amphiphilic macromolecules (mainly pro- 
teins) and low molecular weight emulsrfiers 
(lecithins, monoglycerides, Tweens, Spans, 
etc) (Dickinson et al, 1990). Proteins and 
low molecular weight emulsifiers affect the 
production and stabilization of emulsions. 
Proteins play 2 major roles: on the one 
hand they lower surface tension between 
the interfaces that are formed during the 
emulsification process, and on the other 
hand, they form a macromoJecular layer 
surrounding the dispersed particles which 
structurally stabilizes the emulsion by reduc- 
ing the rate of recoaiescence (Fisher and 
Parker, 1988). Low molecular weight emul- 
sifiers affect the production and stabilization 
of emulsions in several ways: during emulsi- 
fication, by reducing interracial tension more 
rapidly than would the proteins alone, they 
allow the production of smaller-sized dis- 
persed particles (Darling and Birkett, 1987). 
Furthermore, while proteins generally stabi- 
Ize oil-in-water emulsions, low molecular 
weight emulsifiers tend to destabilize them 
(Dickinson et al, 1990) by removing protein 
from the surface of the dispersed particles. 
This ability of low molecular weight emulsifi- 
ers to dislodge macromolecules is due to 
their greater energy of adsorption compared 
to individual segments of macromolecules. 
Finally, if the distribution of these 2 classes 
of molecules between the surfaces of the 
dispersed particles and the bulk phase Is cfi- 
rectfy affected by the competitive adsorption 
between the macromolecules and the emul- 
sifiers at the oil-water interface, it is also a 
result of the nature of macromolecule- 
emulsifier interactions at the interface and in 
the bulk phase (Dickinson, 1986). 

Opinions are divided as to the usefulness 
of using experimental model systems (sys- 
tems containing a single protein source 
and/or low molecular weight emulsifier) 
rather than real food systems (Darling and 
Birkett, 1987; Dickinson et al, 1990). Even if 



the model systems allow relatively precise 
information to be obtained, they can rarely 
be extrapolated to real food systems. An al- 
ternative would be to use systems that can 
be called "quasi-foods", that is systems that 
contain a known mixture of proteins and low 
molecular weight surfactants and whose 
concentrations are controlled. 

The aim of the study presented here 
was to examine the influence of certain 
process (pressure and temperature) and 
composition (butter oil, protein and surfac- 
tant concentrations) variables on the size 
distribution of fat globules in a model dairy 
emulsion (oil-in-water) using a given me- 
chanical emulsification technology, /a mi- 
crofluidization. 



MATERIALS AND METHODS 



Experimental design 
Description 

A central composite rotatable design made up of 
.k a 5 factors with 3 levels and 1 repetition was 
developed. This type of design, the most widely 
used for fitting experimental results to a second- 
order model (Piggot, 1986; Box and Drapper, 
1987), Is called rotatable because the variance 
of the estimated response /at point x is unique- 
ly a function of the distance separating this point 
from the centre point and not of the direction. 
These designs are composed of 2* factorial 
points (usually coded ± 1) with 2* star points 

coded [(± a, 0, 0, 0), (0, ± a, 0, 0) (0, 

0, 0, ± a)] and % centre points coded (0, 0, 
.... 0). The value of a, on which the ratability of 
the design depends, Is such that a « (F) VA 
where F is the number of factorial points of the 
design: in the present case F= 2* The complex 
principles for the development of these designs 
have been presented by various authors includ- 
ing Montgomery (1976), Gacula and Singh 
(1984), and Box and Drapper (1987). 

The design used was therefore composed of 
2 s factorial points, with 10 star points (with a = 
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2.38) and 10 centre points which results in a to- 
tal of 52 experimental units or emulsions. 

The 5 factors that were varied in the prepara- 
tion of the emulsions are the following: 2 pro- 
cess factors-emufsification pressure (7 .8, 20.7, 
41.4, 62.1 and 76.3 MPa) and temperature (35. 
55, 70, 85 and 100 °C), and 3 formulation fac- 
tors-protein concentration (05, 0.9. 1.5, 2.5 and 
3.9 wt%), butter oil concentration (5.2, 8, 10. 12 
and 14.8 wt%) and monofllyceride concentra- 
tion (0.08 t 02, 0.4, 0.6 and 0.88 wt%). 



Statistical analysis 

An analysis of variance was first conducted on 
the values of the volume-weighted average di- 
ameters of the emulsified fat globules (& v ) and 
on the relative width (cv) of the particle size 
distribution. This analysts allowed the split of 
the total variation of the measured parameters 
{B y and cv) according to the principal effects of 
the treatments, the interactions and the error. 
The sum of the squares of the differences of 
the principal effects was split in unitary degree 
of freedom using an orthogonal comparison 
method (Box and Drapper, 1987). This calcula- 
tion allowed an individual estimation of effects 
without mutual interference. Two tests were 
then carried out a Fisher test allowed a diffe- 
rentiation between the treatments and the in- 
teractions which had a significant effect on a 
given parameter, and an adjustment test (Net- 
er et al, 1985) confirmed that the second-order 
model allowed an adequate description (to ± 
1%) of the variances In the experimental re- 
sults. 

The effects of the principal treatments and/or 
interactions which were not significant at the level 
95% have been included in the error term. This 
pooling, which has been Justified by little (1981), 
increases the degree of significance of the vari- 
ance due to an increase in the number of degrees 
of freedom. Although a tower probability threshold 
could be used in the selection of the effects to be 
considered in the determination of the regression 
equation, a probability threshold of at least 95% 
was used in order to simplify the expression and 
use of the regression equations. 

Finally, following this second analysis of vari- 
ance, each of the 2 measured parameters (3, 
and cv) was analyzed as a function of the princi- 
pal effects and interactions of process and com- 
position variables. The nullity of the regression 



< * 

coefficients was tested using Students test (Net- 
er etal, 1985). 

This method for interpreting results is sup- 
ported and recommended by Little (1981) and 
Box and Drapper (1987). According to these au- 
thors, all the treatment levels in the experimen- 
tal range are significantly different in their effects 
after a significant tendency has been estab- ; 
lished. The best estimates of the effects of the 
treatments are those values calculated using the ';■ 
regression equation. 

Statistical procedure and graphic 

The analysis of variance and regression calcula- 
tions were carried out using the General Linear 
Model procedure (Proc GLM and Proc REG) of 
the SAS (1990). 

The 3^imensional picture of the equations 
was carried out using Mathematica (Wolfram, 
1991). 



Emulsion preparation 



Ingredients 

Sodium caseinates (89.3% protein) were obtained 
from ICN Nutritional Biochernicais, Canada Ltd 
(Dorval, Que, Canada). Butter oil (99.4% anhy- , 
drous) was purchased from a local dairy coopera- 
tive (Agropur, Granby, Quebec, Canada) and was ; 
stored at 4 °C. DtstiJed monoglycerides (EXCEL,;; 
T-95) with a hydrophile-lipophile balance (HLB) oB 
4.5 (Shinoda and Kunieda, 1983) were purchased ; 
from Atkemix (Bratford, Ontario, Canada). Sodhjrrtf 
azide was purchased from Fisher Scientific (Que^ 
bee, Que, Canada). 

Emulsion production 

Fifty-two emulsions (600 g) containing 05, 0^ 
1.5, 2.5 or 3.9 wt% (based on protein content) so^ 
dium caseinates, 5.2, 8. 10, 12 or 14.8 wt% buK; 
ter oil, and 0.08. 05, 0.4, 0.6 or 0.88 wt% mcrio^ 
gjyceride were prepared in the following manner^ 
various sotfium caseinate solutions, hydrated jip 
solubiltzed in deionized water (*« l.l |iS.cC, 
for 90 min. and butter oil, preheated to 
were mixed using a magnetic stirrer. The sow^ 
tions were then brought to the appropriate * 



Microftuidization of dairy emulsions. I 



515 



Table 1. Process^ variables (protein, butter oil 
and monogJyceride concentrations, emuisifica- 
tion pressure and temperature) and responses 
of the central composite rotatable design in 
terms of volume-weighted average diameter 
and relative width of the emulsified fat globules 
distrfoutton. 

Variables da prortdts (concentrations en pro- 
tamine, hutle de bourns et monogtyc&rfde, pros- 
sion et temperature cfemuisification) et res- 
ponses en termes du diamefre pondM en 
volume etdu coefficient de variation de la distri- 
bution de la faille des globules de gras emulsh 
86$. 



Trials [Prot] [BO] [MGS] P T (dj cv 
(wt%) (wt%) (wt%) (MPa) (°C) (run) (%) 



Factorial points 
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584 51 
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0.2 


20.7 
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594 49 
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62.1 
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460 56 


4 
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62.1 
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20.7 
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20.7 
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793 69 
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0.5 


12 
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62.1 
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0.2 
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777 53 
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20.7 
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407 47 
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55 
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439 42 
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423 41 



22 


2.5 


8 


0.6 


20.7 


85 


407 47 


23 


23 


8 


0.6 


62.1 


55 


361 46 


24 


23 


8 


0.6 


AA -4 

62.1 


A mw 

85 


AAA m 

300 51 


25 


2.5 


12 


0.2 


AA 

20.7 


55 


574 56 


26 


2.5 


12 
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0.6 


20.7 


55 


609 45 


30 


23 


12 
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Centre points 
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41.4 


70 


427 45 
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Star points 
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70 
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41.4 


70 
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49 
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70 
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50 
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0.4 


76.3 1 


70 
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0.4 


41.1 
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13 
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0.4 


41.4 
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For me design rotab% to be perfect (a = 2.378). the va- 
lues of soma independent parameters should be: 1 emul- 
sion S0 t pa 90.6 MPa (in feet, the maximum pressure 
given by the air feed system was 705 MPa); 2 Emulsion 
51, 7* 34.3 °C; 3 Emulsion 52. 7= 105.7 °C. 



sificatfon temperature (35, 55, 70, 85 or 100 °C) 
and the emuteifiers were added. The dispersions, 
maintained at the emulsification temperature (± 
13 °C), were then mixed for 2 mtn using a stirrer 
(Braun CDN Ltd, Model MR7, Mississauga. Ont 
Canada). The oWn-water dispersions were then 
immediately emulsified using a Microfluidizer (M- 
110™, MterofluJdte Corporation. Boston, MA, 
USA) at Its maximum power setting. 



The microfluidization procedure was per- 
formed in 2 stages: the first processing was at 
73, 20.7, 41.4, 62.1 or 76.3 MPa and the sec- 
ond at 43 MPa in order to eliminate aggregates 
formed during the first processing procedure 
(Ogden, 1973; Watstra, 1975). The composition 
of the emulsions is given In table I. 

Sodium azide, an antibacterial agent, was 
added to each emulsion (0.2% vd/wt), and 2 pH 
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measurements (pH -meter, Coming 140, elec- 
trode 476530, Cantab, Montreal, Que, Canada) 
were carried out 



Size distribution 

of the emulsified fat globules 

Sampling 

A sample of each emulsion was taken and 
stored at 4 °C for 24 h in a 20 ml bottle com- 
pletely filled. Before analysis, the samples were 
heated (7 = 20 °C) and manually stirred. This 
procedure, proposed by Walstra (1975), was 
used in order to prevent a change in the size 
distribution of the fat globules due to churning. 

Dissociation of protein structures 

The samples were mixed with a buffer (urea, 
EDTA and (Wrtercaptoethanol, pH 7) designed 
by Dalgleish et al (1987) to dissociate protein 
structures. Despite the presence of sodium 
caseinates In the emulsions, the composition of 
the dissociating buffer was not modified. Meas- 
urements were canted out immediately after vig- 
orous manual stirring. 

Photon correlation spectrophotometry 

The size distributions of the fat globules were 
determined by photon correlation spectrometry 
(PCS) using the method proposed by Robin and 
Paquin (1991). The rneasurements were taken 
using the Nicomp muHfrit (7 bit) 64-channel 
photon correlation system (Pacific Scientific, 
Hiac/Royce Instruments Division, Model 370, 
Manto Park, CA, USA); the correlation functions 
were measured on the light that was diffused at 
an angle of 90° by the particles in suspension. 
The correlation functions were analyzed by the 
cumutants method (Koppel, 1972). The first cu- 
mulant yielded an average diffusion coefficient 
(Dl and the second yielded a mean squared 
deviation of the average diffusion coefficient 
(s*). The volume-weighted average particle di- 
ameters (dj were calculated using the Stokes- 
Bnsteln law, and polydispersity was expressed 
by the relative standard deviation or coefficient 
of variation (cv) of the volume-weighted distribu- 
tion calculated as the distribution width divided 



by the average diameter. The accuracy (s 1%), 
the reproducibility (=1%)as well as the length of 
the analysis (23 x 10° photo-Impulses or « 20 
mfn) were determined on latex sphere solutions 
(Robin and Paquln, 1 991 ). 

Three measurements of the size distribution 
of the fat globules were carried out on each 
sample. The values of the average diameters 
and relative widths of the size distribution of the 
fat globules are shown in table I. 

Average size distributions 

A logarithmic transformation was applied to the 
emulsified fat globule volume-weighted average' 
diameter (dj and to the homogenization pres^ 
sure. Indeed, using the theory of isotropic turbu- 
lence developed by Kotmogorov (Walstra, 1969, 
1983) showed that the maximum size of a fat- 
globule undergoing the homogenization process 
is a function of the energy density e (energy dis- 
sipated per unit of volume and time) or of the. 
pressure P (e «f XV2 /r t/2 ), of the interfacial ten- 
sion y, and of the mass density p according to: ; 




or 



5 





Qoutden and Phipps (1964), Walstra (1975):aj^|^^ i 
others have experimentally confirmed these r^^g^ ; 
suits. " 5 ■ 



RESULTS 

Accuracy and reproducibility 
of the PCS technique 

The 10 centre points serve as an i 
of the rerjroducfoilrty of the PCS 
for determining the parameters of the 
distribution of the fat globules. These c 
points correspond to values obtained 
the same emulsioa Using these results? 
reproducibility of the evaluation of the 4 
cv parameters was approximately 4.2, 
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■ $2% respectively. However, even though 
j the reproducibility of the results seem satis* 
& tying, that is, comparable with those ob- 
tained by other methods, their accuracy 
must be interpreted with some caution. Even 
though the validity of the PCS technique, in 
i jerms of precision and reproducibility, has 
| been demonstrated by scattering from 
S: known mixtures of relatively monodispersed 
> polystyrene latex beads (Bargeron, 1974; 
V Brown and Pusey, 1975), results become 
£ less reliable when distributions are larger 
t : and polydispersed fWeiner and Tschamuter, 
^1987). Moreover, if the second cumulant is 
generally dominated by porydispersity rather 
Ithan by statistical noise in the autocorrela- 
tion function, in targe cfistributions the analy- 
sis of the cumulant can lead to an underesti- 
mation of the variance (Chu and Dinapoli, 
j 1983). Higher order terms should be taken 
-into account, but this remains a difficult prob- 
r lem (Nicoti, personal communication). 

>.- 

Influence of process variables 
on the average diameter of fai globules 
land on the distribution width 
of the diameters 

to analysis of variance was carried out on 
the values given in table I using orthogonal 
comparisons between the principal treat- 
ments and between the interactions (Box 
and Orapper, 1987). An Ftest was carried 
tout to differentiate the treatments and the 
Interactions which had a significant effect on 
jihe volume-weighted average diameter of 
f ihe fat globules (dj and on the size cfistribu- 
;fcn of the relative width (cv). An adjustment 
experimental results for a sec- 
ond-order model was also carried out. 

•*:■* 
■A. 

Average diameter 
Pf the emulsified fat globules 

% 

fable ll shows the analysis of variance of 
Uie |pg 10 (d v ) as a function of process 
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Table II. Analysis of variance of the logarithm of 
the volume-weighted average fat tfobule diame- 
ter versus process and composition variables. 
Analyse de variance du logartthme du dlametie 
moyen pondM en volume des globules de 
gras, en tbnction des variables de proc6d6 et de 
composition. 





df 1 


SS 2 


P 3 


r 24 
■ 


Moaei 




0.624 


00.0" 


a oca 
0.959 


Linear effects 










[Pro(l 


1 


0.008 


9.6° 




lBO\ 


1 


0.217 


251.4* 




[MGS\ 


1 


0.147 


170.4* 




l°Qw ( p > 


1 


0.103 


119.1* 




T 


1 


0.006 


6.G* 




Quadratic effects 










[Profl 2 
[BO? 


1 


<10- 3 


<0.1 




1 


an* r-ta 


1.9 








[MGSf 


1 


<10~a 


<0.1 




iog,o 2 (P> 


1 


0.038 


43£* 




I 2 


1 


0.025 


28.9* 




IProti x [BO] 


1 


<10-3 


0.5 




[Pmf\ x [MGS] 


1 


0.064 


73.8* 




[P/ofl x log l0 (P) 


1 


<1fJ-3 


0.4 




[Pro/] x T 


1 


0.001 


1.3 




[BO\ x [MGS\ 


1 


<1(H 


<0.1 




lB01x\Q9n(P) 


1 


0.006 


7.0 




[BCJxT 


1 


0.002 


2.6 




[MGS] x log 10 fP; 


1 


0.001 


1.4 




[MGS\ x 7 


1 


<10-3 


<0.1 






1 


0.002 


2.0 




Error 


31 


0.027 






Lack of fit 


22 


0.002 


3.4c 




Pure error 


9 


0.003 






Total 


51 


0.651 






Model 


8 


0.610 


80.8* 


0.937 


Error 


43 


0.041 






Total 


51 


0.651 







1 df » degree of freedom; *SS = sum of squares; 3 F = 
Rsher ratio; 4 i 8 - coefficient of determination. Signffi- 
cance levels *p*0.0001; b p £ 0.001; c ps0.01; d pS 
0.05. 
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variables. According to the adjustment 
test, for p 5 0.01 (F < 4.77), the second- 
order model allowed an adequate descrip- 
tion of the variance of log 10 (d v ). Further- 
more, the linear effects of all the principal 
factors were significant (from 95% to 
99.999%). Butter oil ([SO]) and monogly- 
ceride {[MGSl) concentrations had a major 
effect on the variance of the fat globule di- 
ameter they explained 33.4% and 22.6%, 
respectively, of the total variance. The 
emuisification pressure (P) and tempera- 
ture (T) represented 21 .7% and 4.8% re- 
spectively, of the variance (the sum of the 
linear and quadratic effects: tgg 10 (P) + 
tog,§ (P) or 7+ T 2 ) of tog^ (dj)- The ef- 
fect of the protein concentration was signif- 
icant (p £ 0.001) but represented only 
1.3% of the variance of the tog 10 (dJ.The 
last significant effect given by the analysis 
of variance was the [Prof] x [MGSJ interac- 
tion which represented 9.8% of the vari- 
ance of the log 10 (dj. Other effects were 
not significant (p > 0.05). The error term 
represented « 4% of the variance of log 10 

A regression equation calculated from 
the significant effects (p < 0.05 or more) of 
the analysis of variance of log 10 (dj is 
shown in table III. This second-order mod- 
el was highly significant (p £ 0.0001) and 
explains 93.7% of the total variance of 
log 10 (Sj. All of the regression coefficients 
were highly significant (p £ 0.0001). It is, 
however, worth noting that the existence 
of a minimum average diameter as a func- 
tion of pressure (regression equation) was 
not significant, and resulted from an arte- 
fact produced by one of the extreme point 
(star point No 48). A separate regression 
analysis revealed that the increase in size 
beyond P = 50 MPa (the emuisification 
pressure from the regression model for 
which the derivative equals 0) was not sig- 
nificant 

Figure 1 is the response surface ob- 
tained from a second-order model relating 



Table III. Analysis of regression and second* 
order model of the logarithm of the volume- 
weighted average fat globule diameter versus & 
gniftcant variables and interactions. r 
Analyse de regression et models do second 
orctodutoganlhmedudiamBtoamoyenponM 
en volume des globules de gras 6mu1sifi6s, en 
fonctfon des variables et des interactions signify 
catives. 



Estimate* STD 2 



t* 



Parameter. 
intercept 

[Frofl 

[BO\ 

[MGSl 

T 

tog 10 2 W 

n 

[Pro<| x [MGS[ 



14.293 
-O.102 

0.035 
-0.633 
-4.755 
-0.016 

0.506 



1.6 

1.210-2 

210* 

5 1CH 2 

0.7 

310-3 

0.1 



1.1 10-* 2 10-* 
0.223 2.7 10* 



8* 



tog 10 (dj = 14593 - 0.102 [Prod '+ 0.035 [BCj 

- 0.633 [M8SJ - 4.755 log 10 (P) 

- 0.016 7+ 0.506 log 10 2 (P) 

* 10-* 7» + 0523 [Plot x MGS 



m 



Validity intervals: , ; ? k 

7800 £ PS76 310 kPaO.5 £ [P/ofl S3.9 wt% m 
35 S T£ 100 °C 5.2 £ {BQi £ 14.8 wt* 

0.08 £ [MGS] £ 0.88 Wtti 



1 Estimate = parameter estimated under the 
model (table II). 2 STD « standard error of the 
* revalue of Student* MesL Significance level: a:i 

0.0001. 



the values of dy as a function of the 
on concentration ([Bp), wt%) and d 
emuisification pressure (P ( MPa) (fori 
fixed temperature (50 °C) and for fixed 
tein (1.5 wt%) and monoglyoeride 
wt%) concentrations. As has been 
ed elsewhere, the average diameter 
fat globules decreases and readies 
teau as emuisification pressure inc 
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Stil^S P^^ 6 ^^^5^ V6ra9e fat S 10 ^ 8 diamete ' as a function of emulsn 
manon pressure, P (MPa), and butter oil cortcentration, [BO\ (wt%). for a fixed tBmoerahira rr=soT\ 

protein concentrator, ([ftofl = 1 .5 wt%). and a ^Lj^Z^^^^ 
prcaon fftamrisiRcabon, p (JMft^ el tie la concentration en huile do beurm, /BO? (%) Dourunetem- 



$ut increases, as the fat content increases 
.{WaJstra. 1975; Phipps, 1985). 

Rgure 2 shows the complex influences 
k emulsifier type and concentration on fat 
globule size, for emulsions produced under 
renditions of constant pressure (50.0 
;Pa), temperatuie (50 °C) ( and butter oil 
ncentration (10 wt%). Our results are in 
;reement with previous reports in that, if 
a presence of a single surfactant results 
a dramatic lowering of the size of the fat 
obules, the near absence of surfactants 
^flmin » 0.5 wt%, and [MGSi^ n = 0.08 



wt%) results in a maximum value for d v 
(678 nm). 

Relative width of the size distribution 
of the emulsified fat globules 

A preliminary statistical analysis has re- 
vealed that the variations of cv as a func- 
tion of various independent variables could 
not be adequately described by a second- 
order model (/* = 0.71 after pooling; the 
adjustment test was not significant) in the 
original validity interval. A reduction of the 
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Fig 2. Response surface of the volume-weighted average fat globule diameter as a function of jwojj 
teln, [Prot[ (wt%), and monoglyceride, [MGS] (wt%), concentrations for a fixed temperature 
50 °C) a fixed pressure (P = 50 MPa), and butter ofl concentration [BO[ = 1 0 wt%). 
Sur&ce da reponse eft/ dlametre moyen ponde'rt en volume des globules de gras en tonctton 
concentrations en protelnes, /Prot] (%). et monoglyc4rides t /MGS/ (%). pourune ^^^f% 
SO C C), une pression (P=50 MPa). et una concentration en hwle de beurre QBO] - 1Q%) nxees-y.^ 



interval corresponding to the elimination of 
an extreme point (No 49) has consequent- 
ly been effected. 

Table IV shows the analysts of variance 
of cv as a function of the process vari- 
ables. According to the adjustment test, for 
p £ 0.01 (F< 4.77), a second-order model 
could adequately describe the variances of 
cv in this new validity interval. As men- 
tioned previously, the linear effects of the 
principal factors, except the temperature 
one, were significant (from 95% to 
99.999%). The protein and monoglyceride 
concentrations had an important effect on 
the variance of cv: they explained respec- 



tively 16.0% and 13.4% of the total 
ance. The emulsification pressure 
temperature represented re$r~ 
1 6.8% and 2.7% (the sum of the linear^ 
quadratic effects: P + f* and P) -qf| 
variance of cv. The effect of the bu*~ 
concentration (p < 0.0001) repre 
7.7% of the variance of cv. The other, 
ly significant interactions {[Proi x [" 
[BO] x P) represented 28.5% of this; 
variance. The error represented ap| 
mately 10.2% of the variance of cv. 

A regression equation, calculated 
highly significant effects {p s 0.000 1) 
the analysis of variance of cv, is sho! 
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Table IV. Analysis of variance of the standard 
deviation of the volume-weighted size distribu- 
tion of fat globules versus process and composi- 
tion variables. 

Analyse da variance de la deviation standard de 
to distribution des taiiles ponddre'es en volume 
das globules de gras en toncUon des variables 
deproc6d6 et decomposition. 



oY 1 SS 2 f 3 r** 



|; Model 


20 


4196.5 


13.1* 


Unear effects 
















1 IBOl 




361 2 




[MGSi 




626.7 


39.2 a 


r p 




156.9 


9.8 a 


I- 7 




4.6 


0.3 


U. Quadratic effects 






p [Prof? 




17.9 


1.1 


P [BO? 




39.4 


£5 


p. IMGSp 
& : f* 




20.8 


1.3 




630.9 


39.5 a 


f: 72 




123.9 


7.8* 


h [ProtLx[BOl 




359.4 


22.5* 


f . [Proti x [MGSI 




23.5 


1.5 


fe- [Prefix P 




02 


<0.1 






75.0 


4.7 


l? ; [BCH x[MGS[ 




19.7 


1.2 


[BOlxP 




974.8 


61 .0* 


|l ■ IBOl x T 




2.1 


<0.1 


f: (MGSJxP 




0.5 


<0.1 


&; [MQS\ X T 




7.2 


0.4 


K rxP 




3.0 


0.2 


feError 


30 


479.3 




E Lackoffit ' 


21 


3 592.7 


4.1c 


H Pure error 


9 


358.5 




potal 


50 


4 675.8 




K Model 


9 


3823.0 


20.4* 


P Error 


41 


852.9 




£;/ Total 


50 


4675.9 





0.897 



See table II for statistical abbreviations. 



W>ie V. The second-order model, which 
highly significant (p. 5 0.0001), was 
jable to explain 81.8% of the total variance 



Table V* Analysis of regression and second- 
order model of the variation coefficient of the vo- 
lume-weighted size distribution of tat globules 
versus significant variables and interactions. 
Analyse de regression et modele de second 
ordre du coefficient de variation de la distribu- 
tion des taiiles ponddraes en volume des glo- 
bules de gras, en tonction des variables et des 
interactions significatives. 



Estimate* STD 2 



f3 



Parameter. 
Intercept 
[Prot] 
IBQ 
[MGSI 
P 
T 
F* 
72 

[Prod x [BO\ 
(BOjxP 



25.127 
12.532 
9.477 
-19.278 
+2.8 10-* 
-1.133 

10- 7 

0.0083 
-1.676 
-1.31CH 



18.2 


1.4 


4.1 


3.1 


1.1 


8.9* 


3.6 


-5.4* 


310-4 


0.9 


0.4 


-2.6 


10-* 


4.1« 


0.03 


2.7 


0.4 


-4.2* 


2 10"* 


-6.8* 



cv= 25.127 + 12.532 [Proti + 9.477 [BOJ 
- 19.278 [MGS\ -2.8 10^* P- 1.133 T 
+ 10- 7 f* + 0.008 72-1.676 |fVofl x [BQj 
-1.310-*(SOjxP 

Validity intervals 

20 400 S P S 76 300 kPaO.5 £ fProfl £ 3.9 wt% 
35 S TsS 100 °C 5.2 £ [BOJ 5 14.8 wt% 

0.08 :£[MGS3s 0.88 wt% 



See table 111 for statlsttcal abbreviations. 



cv. The value of the regression coefficients 
of the P term was not significantly different 
from 0(p> 0.05). 

Figure 3, obtained from a second-order 
model, corresponds to the response sur- 
face of the standard deviation of the vol- 
ume-weighted size distribution of fat glob- 
ules as a function of emufsification 
pressure, P (MPa), and butter oil concen- 
tration [BO\ (wt%), for a fixed temperature 
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Fig 3. Response surface of the coefficient of variation standard of the volume-weighted size <fctr|x|| 
Hon of fat globules as a function of emutsiflcation pressure, P (MPa), and butter oil concentraton- 
100} (wt%), for a fixed temperature (T « 50 °C), a fixed protein concentration {[Profl • 1 .5 wt%), arvc^ 
fixed nrwnogtyceride concentration ((MGS) = 0.4 wt%). .^taL 
Su/fece de response du coefficient de variation da fa distribution des failles pond4rees en volume 
globules de gras en fonctlon de la pression (f^mulsification, P (AfPa;, ef de la concentration en:fjmk 
de beurre, [BO](%), pour une temperature donnee (T = 50 °C), et des concentrations fixees en pjjg 
telnes flProtf «* 1.6%) et en monoglyc4rides flMGSj » 0.4%). 



(T = 60 °C) f a fixed protein concentra- 
tion (IProfi = 1.5 wt%), and a fixed mono- 
gtyceride concentration ([MGS\ = 0.4 
wt%). An increase in the emuls'rfication 
pressure and/or butter oil concentration re- 
sulted in an increase in the value of cv. 
This figure also shows the minimal values 
for cv that are a function of both P and 
[BCJ (table IV). 

Figure 4 shows the response surface 
obtained from a second-order model of the 
volume-weighted size distribution of fat 
globules as a function of protein and 



monoglyceride concentration, for a 
temperature (50 °C), pressure (50 M ^ 
and butter oil concentration (10 wt%). Tr; 
figure indicates the cooperative effed;^ 
surfactant content on the reduction in .<0 
this volume-weighted distribution. 

pH of the emulsions 

The average pH of the 52 emulsions 
7.06 with a standard deviation of ± 0.Q4|| 
emulsions therefore had similar acti" 
properties. 
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f^Rg 4. Response surface of the coefficient of variation of the volume-weighted size distribution of fat 
rfobules as a function of protein, [P/ofl (wt%), and monglyceride. [MQSl (wt%), concentrations for a 
||fixed temperature (T- 50 °C), a fixed pressure (P=50 MPa), and butter on concentration ([809 = 10 

I; Surface do response du coefficient do variation de la distribution des tallies ponde'rees en volume des 
$ gtobuies de gras en fonction des concentration en prolines, prat] (%), et monogtyctrides, [MQSJ 
I W, Pouruno temperature (T-50 °C). une pr&sshn (P = 50 MPa), etune concentration en hullo de 
kteurmttBQJ* 10%) fixdes. 

&*'; 

•(• 
■ i 

; DISCUSSION 

•i ' 

: Emulsification Is a dynamic process where 
the disruption and recombination or coa- 
Itescence of the fat globules take place si- 
v multaneously, each with its own rate con- 
stant or time scale (Walstra, 1983; 
Tomberg et al, 1990). Consequently, not 
only the final droplet size distribution but 
also other emulsion properties such as 
theological behavior will be determined by 
the conditions leading to an equilibrium be- 
tween breakdown and coalescence. The 



probability of newly formed droplets coa- 
lescing depends on the time available for 
the interfaces to be covered by the surfac- 
tants. The time available depends on emul- 
sifying conditions (eg emulsifying machine, 
power density), which are influenced by 
the fat content the ratio of surfactant to fat, 
and the nature of the surfactants. In order 
to be active (prevent coalescence), surfac- 
tants must not only be transported to the 
interfaces, they must also be able to ad- 
sorb. Adsorption depends on the number 
of surfactant collisions with fat particles, 
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and on the probability of the surfactants 
adsorbing after colliding with the interface. 
Adsorption is likely influenced by molecu- 
lar properties such as hydrophobicity, flexi- 
bility and charge density (Kato, 1991; Lo- 
rient et al, 1991). However, the adsorption 
process occurs on a time scale of less 
than a millisecond during the homogenize- 
tion process (Walstra, 1983), so it is very 
unlikely that an adsorption equilibrium is 
obtained 

For a given process, the emulsification 
efficiency is the result of an optimal combi- 
nation of process variables and of the 
composition of the liquid to be emulsified. 
Six major variables are generally consid- 
ered: emulsification pressure (P) and tem- 
perature (T)t liquid flow rate (Q), the frac- 
tion (0) of the disperse phase and the 
surfactant concentration(s) (Walstra, 1983; 
Phipps, 1985). In the present study, the ef- 
fect of flow rate on the size distrfcution of 
the fat globules was not considered. It has, 
however, been shown for oil-in-water 
emulsions (Phipps, 1975, 1982, 1983; 
Walstra, 1975) and for conventional ho- 
mogenizers (Manton-Gaulin and/or Ran- 
nte), that there is little or no influence of 
the flow rate of the liquid to be emulsified 
when 0£3O%. 



influence of process variables 

on the size distribution of fat globules 

Effect of emulsification pressure 

It was empirically shown (Goulden and 
Phipps, 1964; among others) and then vin- 
dicated by Walstra (1969, 1975) that clas- 
sic homogenization processes (the sys- 
tems of Manton-Gaulin or Rannie), at 
moderate emulsification pressures (0.25 
MPa £ P £ 40.5 MPa), using milk, cream 
with a fat concentration oi<X><> 12% or any 
other dilute emulsion, could be quantified 
by a relation such as doe pn where the ex- 




ponent m has a value of -3/5 ([1]). The ex- 
ponent jn in the descending slope of the 
curve d v = f (F»; (fig 1) is of the order 
-0.53 ± 0.04. These results, therefore, 
seem to corroborate the theories linked to 
the breakdown of fat globules during turbu- 
lent flow conditions. However, there is no 
general agreement on the functioning of 
conventional homogenizers at high pres- 
sure. According to Walstra (1969, 1983) 
and Davies (1985) the breakdown of the 
fat globules can be described by the turbu- 
lence theory put forward by Kolmogorov. 
According to Phipps (1975, 1985), the 
breakdown of the globules at the entrance 
to the homogenization valve can be d& 
scribed by the Taylor analysis of shearing 
forces. The design of the microfluidizatioh^p^i 
chamber (microchannels, mixing zone, etc). 
differs fundamentally from an homogeniza-%% 
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tion chamber (basically a valve and a ||||| 
seat). Even if the forces that lead to the 
breakdown of the fat globules are the 



same, their respective influence on ttie|gp| 
breakdown is apparently not the same. -.^f|f|p 
_ Although the convex nature of the cur^M$k 
d K = f (P^boi (fig 1) is the result of an e||§|p 
perimental artefact and of its statistad^^ 
consequence (the minimum is very shal-^§^- 
low), some authors (Becher, 1967; Phipp^ffp 
1975; Tbmberg, 1980) have reported thatgg^ 
an increase in homogenization intensity 
(E) f and/or fat concentration above optim^|pJp 
yields (P * 40 MPa or 60 W and/br 
12%) could result in an increase in drople|^|| 
size. This increase, called overprocess&jj^^^| 
by Tomberg (1980), should indicate tt^^pf 
coalescence is the dominant factor govenpj|^^ 
ing the final droplet size of the emulsip|^^E| 
However, the valicfity of the methods ttf^^ 
have been used for producing emulsioi^^p| 
and determining average size is questiohJ^^g 
We. In the present study, it is reasonable to|||| 
think that an increase in collision frequer^ 
with increasing pressure would at ni 
lead to no further decrease in globule s| 
as the minimum is very shallow. An i 
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crease in emulsification intensity above op- 
timal conditions, which causes a relatively 
small change in average droplet size, re- 
sults in unnecessary energy consumption. 
The optimal condition corresponded to Ps 
50 MPa. The reduction in fat globule size 
have various consequences. Emulsions 
which contain small droplets have a ten- 
dency to be more stable with respect to 
creaming (Stokes* law), and to coalesce 
more than those containing large droplets 
(MacRitchie, 1976). Accorting to the Mac- 
Ritchie approach, which correlates film sta- 
bility to an energy barrier, the congres- 
sional free energy barrier can be, under 
some conditions, proportional to 1/c?. How- 
ever, in practice the effects are not as 
great as predicted by these equations 
(Walstra and Oortwijn, 1975; Dickinson 
and Stainsby, 1982). 

If the average particle size can provide 
some information about the behavior of 
emulsions, most attention should, how- 
ever, be paid to the top end of the size dis- 
tribution as most types of instability are 
usually first manifested by the behavior of 
the largest droplets. Although the distribu- 
tion width of fat globules is an extremely 
important parameter when characterizing 
an emulsion, it has not been studied in 
great depth. Walstra (1975) demonstrated 
that the relative width of fat globules in ho- 
mogenized milk sharply increases with the 
homogenization pressure (0 < P < 5 MPa), 
reaches a maximum (P s 5 MPa) before 
remaining fairly constant and attaining a 
limit (P = 30 MPa). These results were 
partly confirmed by Tomberg (1980) study- 
ing the behavior of various protein stabi- 
lized emulsions made by a sonifier. In the 
present study, valid for 20.4 MPa ^Ps 
76.3 MPa, the results revealed a behavior 
that differed as a function of butter oil con- 
centration ([BQ, wt%). At quite high [8CJ, 
in conformity with previously mentioned re- 
sults, the relative width of the fat globule 
distribution diminished as a function of 



emulsification pressure. However, at lower 
concentrations, the behavior was reversed. 
Although these trends should be interpret- 
ed with some caution (lack of accuracy in 
the determination of the standard devia- 
tion, low fi value), it appears that trends 
near central points are similar to those re- 
ported elsewhere. At the endpoints of the 
experimental design, trends are much 
more difficult to establish, particularly when 
the decrease in cv as a function of [BQ at 
high P should arise from the standard devi- 
ations) being less affected than 4, by the 
emulsification intensity. 

Effect of emulsification temperature 

Since Gaulin, it has been recognized that 
the efficiency of the emulsification pro- 
cess is very low in the presence of solid 
fat (Kessler, 1981). Consequently, the 
production of oil-in-water emulsions is 
normally carried out at temperatures 
above the final melting temperature of the 
fat (7" t a 40 °C, Jenness and Walstra, 
1984). Several authors, studying the ho- 
mogenization of milk, have shown that an 
increase of 10 °C in temperature between 
40-70 °C decreases the average diame- 
ter of the fat globules by 6-8% (Walstra, 
1975) to 10-15% (Sweetsur and Muir, 
1983). This effect weakens or disappears 
above 80 °C. As expected, an increase in 
temperature between 35-62 °C resulted 
in a decrease in the average diameter of 
» 8%/10 °C. Although equation [1] does 
not predict that the viscosity of either 
phase can have an effect on the droplet 
size resulting from the emulsification pro- 
cess in turbulent flow, a decrease of vis- 
cosity will understandably affect the rate 
of passage through the emutsifier and the 
ease of disruption of the globules. Walstra 
(1974, 1983) suggested that an increase 
in the viscosity of the dispersed phase 
fto) should correspond to a deformation 
time of a droplet larger than the character- 
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istic time of an eddy. As the smallest ed- 
dies are presumably the most effective 
(they have the highest kinetic energy), an 
increase in no should lead to a larger 
spread in flow conditions and conse- 
quently in droplet size distribution (cv) t as 
was indeed the case. Moreover, an in- 
crease in temperature changes all the 
composition variables that determine ad- 
sorption; fat changes to oil and the mac- 
romotecular penetration into the oil be- 
comes possible, hydrophobic interactions 
at the interface probably become more in- 
tense (at least up to 60-65 °C), and the 
molecular structure of water weakens, 
which affects its quality as a solvent for 
surfactants and for hydrophobic interac- 
tions. Above 82 °C, the average particle 
diameter increased slightly. Although this 
result has not been explained, it should 
be noted that the influence of the temper- 
ature on the average diameter of the fat 
globules is relatively low: temperature 
only explains 4.8% (table II) of the total 
variance of log 10 (d v ) and between 82 and 
100 °C it represents < 1% which is much 
lower than the experimental error 
(« 6.3%). Moreover, the statistical in- 
crease in d v is a consequence of the 
measurements obtained from an emul- 
sion that was not repeated (No - 48) and 
corresponds to an extreme point (star 
point) in the experimental design, cv was 
influenced in a similar manner by the tem- 
perature (table V). 



Effect of composition variables 

on the size distribution of fat globules 

Effect of butter oil concentration 

The concentration of fat affects the ho- 
mogenization efficiency of dairy products 
when it is > 10% (Waistra, 1975; Phipps, 
1985). The microfiuidization of the model 
emulsion demonstrated that an increase in 



the butter oil concentration (5.2 £ [60] s 14 
wt%) resulted in a very significant increase 
in the average diameter of the fat globules 
(dj (table II, fig 1) and in the size distribu- 
tion (cvat low pressure) (table III, fig 3)* An 
increase in the fat concentration resulted in 
a relative decrease in the concentration of 
surfactant available to cover the new interfa- 
cial surface that was formed during the 
emulsification process. The fat content and 
the ratio of surfactants to fat affected the ex- 
tent of coalescence of the newly formed 
globules by governing the probability that 
the latter collide before they recover by ,a 
surfactant layer. Also, with higher oil cor*-; 
centrations, distances between fat gtobules 
decrease and the probabffity of bridging 
could increase. This results In a general ten- 
dency to increase Ipartfcle" diameter. 

Effect of surfactant concentration 

The addition of surfactants, which results 
in a decrease in interfacial tension (y), re- 
duces the interfacial free energy (AG) of 
the system, 




mm 



where AS is the change in the interfacial 
area _ 
and thereby the Laplace pressure which;^^^ 
beneficial in reducing both the energy rti£ ' *" * 
quirement to form emulsions and the drojjff 
let size that can be obtained. However, thfe 
only holds if the ratio (surfactant/interfac^j 
surface) is large enough to cover the 
interfacial surface formed during the 
sification process and leading to minimize 
the coalescence or polymeric bri J ? ~ 
(Hailing, 1 981 ; Tadros and Vincent, 1 ^ 
For minimal protein and monoglycerSSf^ 
concentrations ([Prof] = 0.5 wt%, [MG$£f 
0.08 wt%, with P = 50 MPa, T = 50 $ 
[BO] = 10 wt%), the average diameter 
the fat globules was at a maximum (oV 
678 nm). 
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Although certain general rules can be 
deduced from simple thermodynamic prin- 
ciples, the degree and, more importantly, 
the consequences of the adsorption of 
protein to the interface can vary consider- 
ably with the type of protein and with 
emulsification conditions. Thus, while 
Oortwijn and Walstra (1 979) reported that 
whey protein concentration (0.01-2.0%) 
had relatively little effect on the size of fat 
globules in homogenized emulsions, 
Pearce and Kinsella (1978) demonstrat- 
ed, using homogenized emulsions stabi- 
lized with various proteins, that increasing 
the protein concentration (0.5-5%) could 
decrease the average diameter of the fat 
globules by a factor of 2.5. Thus, the na- 
ture of the surfactant (hydrophile-lipophile 
balance, molecular weight, molecular flex- 
ibility) as well as its relative concentration 
(with respect to other surfactants) directly 
influence the size of the fat globules. Fig- 
ure 2 illustrates the complex influences of 
the chemical structure and of protein and 
monoglyceride concentration on the aver- 
age diameter of emulsified fat globules; 
the other variables were kept constant 
(P= 50 MPa, 7= 50 °C, IBOl = 10 wt%). 
During theemulsification process, smaller 
droplets (d v = 259 nm) are produced in 
the presence of low concentrations of pro- 
teins and high concentrations of monogly- 
cerides ([fVofl = 0.5 wt% and [MGS] = 
0.88 wt%, respectively) because monogly- 
cerides are better able to lower interfacial 
tension than proteins alone. With high 
protein concentrations and low monogly- 
ceride concentrations, d v = 350 nm. Dick- 
inson et a/ (1989) reported similar trends 
when studying the effect of octaoxyethy- 
lene dodecyl ether (C 12 Ea) with 0.1 wt% 
caseinate on the droplet diameter of O/W 
emulsion (20 wt% n-tetradecane, pH 7, 
25 °C). However, care is needed when 
analysing these results as the surfactants 
used were different and hydrocarbons 
have a higher interfacial tension with wa- 



ter than do mixtures of triglycerides with 
water (Fisher etat, 1985). 

Moreover, the increase in the concen- 
tration of surfactant (for a given [BCJ, P 
and 7) results in a decrease in the average 
particle diameter (Dickinson et a/, 1989) if 
the monoglycerides to protein ratio is lower 
or equal to 0.15, eg [Pro([ ~ 2.85 wt% and 
[MGS[ = 0.46 wt% (fig 2). Although these 
concentrations are independent of the 
[BOi, which is rather surprising, it is sug- 
gested that an increase in the size of the 
fat globules above these concentrations 
can be attributed to, 

- a competition between fat and monogly- 
cerides to bind proteins due to the high 
number of monoglyceride molecules per 
residue of caseinate and to the formation of 
hydrophobic bonds between a polar amino 
acids and the hydrocarbon groups of the 
monoglycerides (Dickinson and Woskett, 
1 989). These weak complexes, if they form, 
should be rather surface-inactive, as the hy- 
drophobic areas of protein and nonionic sur- 
factant bind together, and 

- to protein displacement from the inter- 
face by monoglycerides. In another study 
using casein and MGS, Paquin et a/ (1987) 
found that surface pressure isotherms in 
the high-pressure region are essentially 
the same as for the monoglycerides atone, 
suggesting protein displacement from the 
interface. It is likely, as suggested by 
Doxastakis and Sherman (1986), that 
mono- and diglycerides present in com- 
mercial glycerol monostearate form com- 
plexes with caseinate at the oil-water inter- 
face. It would appear that this (mixed) 
emulsifier does not behave simply as a 
nonionic, noninteracting surfactant 

Surfactants (proteins and low molecular 
weight surfactants) seem to have a coop- 
erative effect on the reduction of cv (fig 4). 
As was mentioned in the discussion on the 
determination of cv, these results must be 
interpreted with caution. 
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Fig 5. Effect of process and composition variables on fat globule size distribution parameters. For 
each graph, values of 4 variables were either fixed or specified. Values of fixed variables were: P= 50 
MPa, T= 50 °C, [BOl = 10 wt%, [Prod = 1*5 wt%. [MGSl = 0.4 wt%. 

Effets das variables de precedes at de composition sur les parametres de la distribution das taffies 
das globules de gras. Pour chaque figure, tos valeurs das 4 variables dtaient soft fixdes soit speeffc 
ciees, Lorsque les variables 6taient fixees, lew valour 6talt : P = 50 MPa, J = 50 °C, JBOJ * 10%, 
/Prot/ m 1.5%, [MGS] m 0.4%. 

(A): Walstra. 1975; A p p 282; Ag, p 289. (B): Phlpps, 1985, p 12. w^mm 



CONCLUSIONS 

The process and composition variables 
which were studied affect, in varying pro- 
portions, the efficiency of the emulsification 
process called microfluidization. Some of 
these influences are summarized in figure 
5. The variables that had the greatest influ- 
ence on the size distribution of the fat glob- 
ules are the butter oil concentration, the 
concentration of low molecular weight sur- 
factants (monoglycerides), the emulsifica- 
tion pressure, the protein concentration (so- 
dium caseinates) and the emulsification 
temperature. However, if the average sizes 
are fairly reliable, the results on relative dis- 
tribution width must be taken with caution. 



The utilization of an experimental <d^M 
sign, applied to a dairy-type emulsion^^ 
demonstrated the complexity of the if*' f ** 
ences and interactions (depending on 
area of study, pressure, temperature 
concentrations) of process and coi 
tion variables on the size distribution of 
fat globules. If the usefulness of mecl 
tic and thermodynamic principles is not 
doubt, it is stilt impossible to comp! 
predict all aspects of the behavior of 
emulsion. 

Finally, although this work was ca 
out on a model system and although ft 
demonstrated that for other conditions (ti 
existence of interaction terms) the eft 
would be different, the results should p 
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jv vide a guide for optimizing the emufsifica- 
| rjon process. 
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|- Sunwna fy — The Influence of certain process variables (pressure and temperature) as well as 
I- 3^ (fat, protein and tow molecular weight emulslfier concentrations) on the size 

I £2?5l 1 * M lobules was studied in a dairy model emulsion (o«-ir>water) produced by 
& SSKS^' a "T^ 081 technique. The use of a central composite 

P ^^Sl^ 3n a ° OW ^ U8 to ° btain 2 nonlinear ™We regression equations relatinglhe 
F STEZT^ averag S diameter of fet 9»obules rftfji as well as the relative size distribution 
P- • 1 «™ bWlc aton P r «ssure (7.8-76.3 MPa) and temperature (35-100 *C), and to 

I ^Ztr^o^ 0 ^ 9 ^' butter 01 (5 - 2 " 14 7 ^noglyceride (O.oa-o'as wt%) 

r 221?^ Th8S ?, 2 5 ,nct,ons account respectively for 93.7 and 81.7% of the variation in the 
| average diameter and in the size distribution width of the microfluidized fat globules and were used 
I to explain certain interactions between the different variables affecting the size of the microfluidized 
p fat globules. They were also used to demonstrate the existence of the optimal conditions that 
SJH!?^ l0 „ the ' extremes of *» av erage particle diameter and of the distribution width of the fat 
globules. Rnally, these 2 functions allowed us to predict fat globule size parameters as a function of 
process and formulation conditions. 

emulsificatton / microfluidization / olMn-water emulsion / fat globule 

I 

& Sl?!I!!±^ , f!? uidi8 ! t,on Pulsions laltlferes modetes. I. Preparation des emulsions et 

t hZT^iSt 1f B „" n * P" 0 "* et *» formulation sur la distribution da la faille des glo- 

fe h m ? B influence de certaines variables op4ratoires (pression et temperature) etdesva- 

I roues de composition (teneurs en huUe de beurre. en proteme et en emulsffiant de faible poids mo- 

fc i 1 T U l 0 ^ US i d J an ? Sl units: fS0 > = butter 08 concentration (wt%); ev= coefficient of variation or rela- 
£ SI iS"?^ 3600 0f the volume-wetghted size distribution (%); d ¥ = volume-weighted average 
| W globule diameter (m); D = diffusion coefficient (Ms-'); F = number of factorial points of the 
r'-£K!!7^i^.?!!S * = number ^ independent variables or conductivity of a solution (S.nr' = 
m p ST : « = "wnooVceride concentration (wt%); [Prof\ » protein concentration (wt%); 

W -ZZ £2^ Ca ?° n pressure (Pa = ^ ka-s" 8 ); O = How rate (rift <r'); S = interfadal area (m*); 7 = 
^ wnuwScaaon temperature (K); « = distance separating a star point from a factorial point in terms of 
fe cooed variables (dimensonless): «= power density (W.rrH' = rrrUg.s^); <f> = volume fraction of the 
wsperee phase (dimenslonless): y= interfadal tension (N.m-i = kg.s-2); p = mass density (kg.m-3). 
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Iteulaire) sur la distribution de fa tam des globules de gras cTune emulsion laJtiere modele (bulla 
dans I'eau) a 6t6 Atudlte pour una technologie d'&nulsfficatton mdcanlque donate ; la mlcrofluidisa- 
tion. (.'utilisation d'un dispositif experimental central composite a permls robtentionde 2 equations de 
regression multiple non lineaires reliant le diametre moyen des globules de gras (b\) ainsi que men* 
due relative de la dispersion des tallies (cv) a la presston (7,8-76,3 MPa) eta la temperature <femuh 
sification (35-100 °C), aux teneurs en caseinate de sodium (0,5-3,9% de la masse totale), en hufte 
de beurre (5,2-14,7%) et en morwgtyce'ride (0,08-0,88%). Cos 2 fbnctions expllquent respectivement 
93,7% et 81,7% des variations du diametre moyen des globules de gras mkuoBuidise's etde retendue 
relative de la distribution des tallies dans les valours consld&r6es des parametres. Ces fbnctions ont 
en outre permls d'expBquer certaines interactions entre les dlfterentes variables pridttes sur la distri- 
bution de la tailie des globules de gras mlcrofluidis4s, EBes ont egalement permls de mettre en evi- 
dence {'existence de conditions optimales correspondent a des extremums du diametre particuialre 
moyen et de retendue de la distribution de la tailie des globules de gras. Finalement ces 2 tbnctions 
nous ont permis de prddlre la distribution de la tame des globules de gras en fonction des conditions 
de precedes et de formulation. 

emulsification / m Icrori uid tsatlo n /emulsion* huile dans Veau /globules de gras 
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INTRODUCTION 

For a number of industries, the homogen- 
ization, and more generally the mechani- 
cal emulsification of liquids, dietary as welt 
as others, has become over the past many 
years an important technological process. 
The use of this type of process in the food, 
pharmaceutical and cosmetic industries in 
general and in certain dairy operations in 
particular is essential for the production of 
emulsions with certain desirable rheologi- 
cal properties (creams and ointments), tex- 
tures (ice cream, mayonnaise) and de- 
grees of stability (milk, salad dressing) 
(Dickinson and Stainsby, 1988). The prin-. 
cipie of homogenization and mechanical 
emulsification processes which, according 
to Gaulin, must aPow "de fixer la composi- 
tion des liquides" remains simple: in the 
case of milk, the homogenization process 
results in a considerable decrease in the 
size of the fat globules found in the initial 
suspension, and has the effect of increas- 
ing the creaming stability of the emulsion 
(Tadros and Vincent, 1983). Aside from 
conventional homogenizers, relatively few 
mechanical emulsification processes have 
been and are used in an industrial setting 



(Walstra, 1983). During the 1980s, how- , . ^ 
ever, other mechanical emulsification pro- ^| 
cesses appeared. One of them, called mi- > H 
crofluidization (Cook and Lagace, 1985; 
Washington, 1987), was initially used prin- 
cipally in the cosmetic and pharmaceutical 
industries (Chandonnet et at, 1985). More 
recently, microftuidization was suggested 
as an alternative method for the production 
of milk fat microcapsules (Vufllemard, 
1991), alcoholized creams (Paquin and 
Giasson, 1989) and for mitk homogeniza- 
tion (Pouliot et aS, 1991). If the result of tr£f i 
process is similar to that of homogeniza- 1 
tion (reduction in the size of the fat gtotif 
ules), the means used to achieve such a 
result are different. As is the case for coo- 3 



- 



ventional homogenization processes, th^g 
liquid is forced under high pressure into;^| 
chamber. However, in the case of the : rr||t 
crofluidization process, the Gquid is then 



vlded into 2 mlcrostreams that are 
ed against one another at high speed 
at an angle of 180° (Cook and Lagape^ 
1985). 

Other than a considerable change in th 
dispersion state of the fat, the emulsifi<g$| 
of dietary liquids also results in a consider^ 
ble rearrangement of the oil-water inte " 
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(Walstra and Oortwijn, 1982) where mainly 
2 classes of molecules can be adsorbed: 
amphlphilic macromolecules (mainly pro- 
teins) and low molecular weight emulsrfters 
(lecithins, monoglycerides, Tweens, Spans, 
etc) (Dickinson et a/, 1990). Proteins and 
low molecular weight emulsifiers affect the 
production and stabilization of emulsions. 
Proteins play 2 major roles: on the one 
hand they lower surface tension between 
the interfaces that are formed during the 
emulsification process, and on the other 
hand, they form a macromotecular layer 
surrounding the dispersed particles which 
structurally stabilizes the emulsion by reduc- 
ing the rate of recoalescence (Fisher and 
Parker, 1988). Low molecular weight emul- 
sifiers affect the production and stabilization 
of emulsions in several ways: during emulsi- 
fication, by reducing interfacial tension more 
rapidly than would the proteins alone, they 
allow the production of smaller-sized dis- 
persed particles (Darling and Birkett. 1987). 
Furthermore, while proteins generally stabi- 
lize oiMn-water emulsions, low molecular 
weight emulsifiers tend to destabilize them 
(Dickinson etal, 1990) by removing protein 
from the surface of the dispersed particles. 
This ability of low molecular weight emulsifi- 
ers to dislodge macromolecules is due to 
their greater energy of adsorption compared 
to individual segments of macromolecules. 
Finally, if the Distribution of these 2 classes 
of molecules between the surfaces of the 
dispersed particles and the bulk phase is di- 
rectly affected by the competitive adsorption 
between the macromolecules and the emul- 
sifiers at the oil-water interface, it is also a 
result of the nature of macromolecule- 
emulsifier interactions at the interface and in 
the bulk phase (Dickinson, 1986). 

Opinions are divided as to the usefulness 
of using experimental model systems (sys- ' 
terns containing a single protein source 
and/or low molecular weight emuisifier) 
rather than real food systems (Darling and 
Birkett, 1987; Dickinson et aJ, 1990). Even if 



the model systems allow relatively precise 
information to be obtained, they can rarely 
be extrapolated to real food systems. An al- 
ternative would be to use systems that can 
be called "quasi-foods", that is systems that 
contain a known mixture of proteins and low 
molecular weight surfactants and whose 
concentrations are controlled. 

The aim of the study presented here 
was to examine the influence of certain 
process (pressure and temperature) and 
composition (butter oil, protein and surfac- 
tant concentrations) variables on the size 
distribution of fat globules in a model dairy 
emulsion (oihtn-water) using a given me- 
chanical emulsification technology, le mi- 
crofluidization. 



MATERIALS AND METHODS 



Experimental design 
Description 

A central composite rotatable design made up of 
k « 5 factors with 3 levels and 1 repetition was 
developed. This type of design, the most widely 
used for fitting experimental results to a second- 
order model (Plggot, 1986; Box and Orapper, 
1987), Is called rotatable because the variance 
of the estimated response /at point x is unique- 
ly a function of the distance separating this point 
from the centra point and not of the direction. 
These designs are composed of 2* factorial 
points (usually coded ± 1) with 2 k star points 

coded [(± a, 0, 0, .... 0), (0, ± a, 0, 0) (0, 

0, 0, .... ± a)] and n 0 centre points coded (0, 0, 
.... 0). The value of a, on which the ratability of 
the design depends, is such that a - (F) VA 
where F is the number of factorial points of the 
design: In the present case F= 2* The complex 
principles for the development of these designs 
have been presented by various authors includ- 
ing Montgomery (1976), Gacuta and Singh 
(1984), and Box and Orapper (1987). 

The design used was therefore composed of 
2 s factorial points, with 10 star points (with a - 
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2.38) and 10 centre points which results In a to- 
tal of 52 experimental units or emulsions. 

The 5 factors that were varied In the prepara- 
tion of the emulsions are the following: 2 pro- 
cess factors-emutsificafion pressure (7.8, 20.7, 
41.4, 62.1 and 76.3 MPa) and temperature (35. 
55, 70, 85 and 100 °C), and 3 formulation fac- 
tors-protein concentration (0.5, 0.9, 1.5, 2.5 and 
3.9 wt%), butter oil concentration (5.2, 8, 10, 12 
and 14.8 wt%) and monoglyceride concentra- 
tion (0.08, 0.2, 0.4, 0.6 and 0.88 wt%). 



coefficients was tested using Students test (Net- 
er at at, 1985). 

This method for interpreting results Is sup- 
ported and recommended by Little (1981) and 
Box and Drapper (1987). According to these au- 
thors, all the treatment levels in the experimen- 
tal range are significantly different in their effects 
after a significant tendency has been estab- 
lished* The best estimates of the effects of the 
treatments are those values calculated using the 
regression equation. 



*: f 



Statistical analysis 

An analysis of variance was first conducted on 
the values of the volume-weighted average di- 
ameters of the emulsified fat globules (d v ) and 
on the relative width (cv) of the particle size 
distribution. This analysis allowed the split of 
the total variation of the measured parameters 
{B v and cv) according to the principal effects of 
the treatments, the interactions and the error. 
The sum of the squares of the differences of 
the principal effects was split in unitary degree 
of freedom using an orthogonal comparison 
method (Box and Drapper. 1987). This calcula- 
tion allowed an individual estimation of effects 
without mutual interference. Two tests were 
then carried out a Fisher test allowed a diffe- 
rentiation between the treatments and the in- 
teractions which had a significant effect on a 
given parameter, and an adjustment test (Net- 
er et a/ F 1985) confirmed that the second-order 
model allowed an adequate description (to ± 
1%) of the variances In the experimental re- 
sults. 

The effects of the principal treatments and/or 
interactions which were not significant at the level 
95% have been included in the error term. This 
pooling, which has been justified by Little (1981), 
increases the degree of significance of the vari- 
ance due to an increase in the number of degrees 
of freedom. Although a lower probability threshold 
could be used in the selection of the effects to be 
considered in the determination of the regression 
equation, a probability threshold of at least 95% 
was used in order to simplify the expression and 
use of the regression equations. 

Finally, following this second analysis of vari- 
ance, each of the 2 measured parameters (3, 
and cv) was analyzed as a function of the princi- 
pal effects and interactions of process and com- 
position variables. The nullity of the regression 



Statistical procedure and graphic 

The analysis of variance and regression calcula- 
tions were carried out using the General Linear 
Model procedure (Proc GLM and Proc REG) of 
the SAS (1990). 

The 3-tf rnensional picture of the equatk 
was carried out using Mathematica (Wolfram, 
1991). 



Emulsion preparation 



Ingredients 

Sodium caseinates (89.3% protein) were obtained 
from ICN Nutritional Biochemicals, Canada Ltd 
(Dorval, Que, Canada). Butter oil (99.4% anhy- 
drous) was purchased from a local dairy coopera- 
tive (Agropur, Granby, Quebec, Canada) and was 
stored at 4 °C. Distflied monogtycerides (EXCEL;; 
T-95) with a hydrophile-lipopriite balance (N-B) of 
4.5 (SNnoda and Kunieda, 1983) were purchased 



»*■ »" \ * 
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from Atkemix (Bratford, Ontario, Canada). Socfiurn 



azlde was purchased from Fisher Scientific (Qt^^fe 
bee, Que, Canada). ; -j^P 



Emulsion production 

Fifty-two emulsions (600 g) containing 0.5, 0$ 
1 .5. 2.5 or 3.9 wt% (based on protein content) w; 
dium caseinatas, 5.2. 8, 10, 12 or 14.8 wt% but- 
ter oil, and 0.08. 0.2, 0.4, 0.6 or 0.88 wt% mono* 
gtyceride were prepared in the following manners 
various sodium caseinate solutions, hydrated art| 
sotubHized in deionized water (k = 1.1 pS^CJ 
for 90 mm, and butter oil, preheated to 50^ 
were mixed using a magnetic stirrer. The soak 
rjons were then brought to the appropriate emu£ 
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Table I. Procesl variables (protein, butter oil 
and monoglyceride concentrations, emuisifica- 
ton pressure and temperature) and responses 
of the central composite rotatable design in 
terms of volume-weighted average diameter 
and relative width of the emulsified fat globules 
distribution. 

Variables de proc&tes (concentrations en pn> 
tdlne, hutle do bourne et monogtycdrfde, pres- 
smen ot temperature d'&mutsificathn) et res- 
ponses en tonnes du diametre pond4r4 en 
volume etdu coefficient de variation de la distri- 
bution de la tame des globules de gras emulsh 
86s. 



Trials [Prot] [BO] [MGS] P T (c\,) cv 
(wt%) (wt%) (wt%) (MPa) (°C) (nm) (%) 



Factorial points 



1 


0.5 


8 


0.2 


20.7 


55 


584 51 


2 


0.5 


8 


0.2 


20.7 


85 


594 49 


3 


0.5 


8 


0.2 


62.1 


55 


480 56 


4 


0.5 


8 


0.2 


62.1 


85 


466 55 


5 


0.5 


8 


0.6 


20.7 


55 


427 39 


6 


0.5 


8 


0.6 


20.7 


85 


382 38 


7 


0.5 


8 


0.6 


62.1 


55 


317 48 


8 


0.5 


8 


0.6 


62.1 


85 


326 38 


9 


0.5 


12 


0.2 


20.7 


55 


806 69 


10 


0.5 


12 


0.2 


20.7 


85 


793 69 


11 


0.5 


12 


0.2 


62.1 


55 


808 52 


12 


0.5 


12 


0.2 


62.1 


85 


777 53 


13 


0.5 


12 


0.6 


20.7 


55 


460 67 


14 


0.5 


12 


0.6 


20.7 


85 


491 64 


15 


0.5 


12 


0.6 


62.1 


55 


407 47 


16 


0.5 


12 


0.6 


62.1 


85 


419 43 


17 


2.5 


8 


0.2 


20.7 


55 


509 41 


18 


2.5 


8 


0.2 


20.7 


85 


482 47 


19 


2£ 


8 


0.2 


62.1 


55 


439 42 


20 


2.5 


8 


0.2 


62.1 


85 


358 50 


21 


2.5 


8 


0.6 


20,7 


55 


423 41 



22 


2.5 


o 


0.6 


20.7 


85 


407 47 


23 


2.5 


8 


0.6 


62.1 


55 


361 46 


24 


2.5 


8 


0.6 


62.1 


85 


300 51 


25 


2.5 


12 


A. O 

0.2 


AA 9 

20.7 


55 


574 56 


26 


2.5 


12 


A A 

0.2 


20.7 


85 


593 59 


27 


2.5 


12 


0.2 


62.1 


55 


538 52 


26 


2.5 


12 


0.2 


62.1 


85 


539 40 


29 


2.5 


12 


0.6 


20.7 


55 


AAA A A 

609 45 


30 


2.5 


12 


0.6 


20.7 


85 


653 46 


31 


2.5 


12 


0.6 


62.1 


55 


563 28 


32 


2.5 


12 


0.6 


62.1 


85 


509 32 


Centre points 












33 


1.5 


10 


0.4 


41.4 


70 


420 46 


34 


1.5 


10 


0.4 


41.4 


70 


427 45 


35 


15 


10 


0.4 


41.4 


70 


451 45 


36 


1.5 


10 


0.4 


41.4 


70 


448 45 


37 


1.5 


10 


0.4 


41.4 


70 


415 46 


38 


1.5 


10 


0.4 


41.4 


70 


441 46 


39 


1.5 


10 


0.4 


41.4 


70 


465 43 


40 


1.5 


10 


0.4 


41.4 


70 


433 45 


41 


1.5 


10 


0.4 


41.4 


70 


471 41 


42 


1.5 


10 


0.4 


41.4 


70 


444 46 


Star points 












43 


0.9 


10 


0.4 


41.1 


70 


442 50 


44 


3.9 


10 


0.4 


41.4 


70 


403 29 


45 


1.5 


5.2 


0.4 


41.4 


70 


291 31 


46 


1.5 


14.8 


0.4 


41.4 


70 


633 52 


47 


f.5 


8 


0.08 41.4 


70 


649 53 


48 


13 


8 


0.68 


41.4 


70 


324 30 


49 


1.5 


8 


0.4 


7.8 


70 


942 39 


50 


1.5 


8 


0.4 


76.3 1 


70 


461 66 


51 


1.5 


8 


0.4 


41.1 


35* 655 55 


52 


1.5 


8 


0.4 


41.4 


100 s 513 58 



For the design rotab% to be perfect (a «= 2.378). the va- 
hies of some Independent parameters should be: 1 emul- 
sion 50, Pa 90.6 MPa (in bet, the maximum pressure 
given by the air feed system was 765 MPs); 2 Emulsion 

51, T*= 343 °d 3 Emulsion 52, 7= 105.7 °C. 



sificatfon temperature (35, 55, 70, 85 or 100 °C) 
and the emuisffiers were added. The dispersions, 
maintained at the emulsmcatton temperature (± 
15 °C), were then mixed for 2 mtn using a stirrer 
(Braun CDN Ltd, Model MR7, Mississauga, Ont 
Canada). Tne otMn-water dispersions, were then 
immediately emulsified using a Microfluidizer (M- 
110™, MlcrofluWJc Corporation, Boston, MA. 
USA) at its maximum power setting. 



The microfluidization procedure was per- 
formed in 2 stages: the first processing was at 
7 A, 20.7. 41.4, 62.1 or 76\3 MPa and the sec- 
ond at 4.8 MPa in order to eliminate aggregates 
formed during the first processing procedure 
(Ogden, 1973; Waistra, 1975). The composition 
of the emulsions is given In table I. 

Sodium atfde, an antibacterial agent was 
added to each emulsion (0.2% vol/wt), and 2 pH 
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measurements (pH-meter, Coming 140, elec- 
trode 476530, Canlab, Montreal. Que, Canada) 
were carried out 



Size distribution 

of the emulsified fat globules 

Sampling 

A sample of each emulsion was taken and 
stored at 4 °C for 24 h in a 20 ml bottle com- 
pletely filled. Before analysis, the samples were 
heated (7s 20 °C) and manually stirred. This 
procedure, proposed by Walstra (1975), was 
used in order to prevent a change in the size 
distribution of the fat globules due to churning. 

Dissociation of protein structures 

The samples were mixed with a buffer (urea, 
EDTA and p-mercaptoethanot, pH 7) designed 
by Dalgteish et al (1987) to dissociate protein 
structures. Despite the presence of sodium 
caseinates In the emulsions, the composition of 
the dissociating buffer was not modified. Meas- 
urements were carried out immediately after vig- 
orous manual stirring. 

Photon correlation spectrophotometry 

The size distributions of the fat globules were 
determined by photon correlation spectrometry 
(PCS) using the method proposed by Robin and 
Paquin (1991). The measurements were taken 
using the Nicomp muftfcit (7 bit) 64-charmel 
photon correlation system (Pacific Scientific, 
Hiac/Royce Instruments Division, Model 370, 
Manto Park, CA, USA); the correlation functions 
were measured on the light that was diffused at 
an angle of 90° by the particles in suspension. 
The correlation functions were analyzed by the 
cumulants method (Koppel. 1972). The first cu- 
mulant yielded an average diffusion coefficient 
(D), and the second yielded a mean squared 
deviation of the average diffusion coefficient 
(£?). The volume-weighted average particle di- 
ameters (dj were calculated using the Stokes- 
Qnsteln law, and pdydlspersfty was expressed 
by the relative standard deviation or coefficient 
of variation (cv) of the volume-weighted distribu- 
tion calculated as the distribution width divided 



by the average diameter. The accuracy (s 1%), 
the reproducibility (2 1%) as well as the lengfti of 
the analysis (2.5 x 10* photo-impulses or « 20 
min) were determined on latex sphere solutions 
(Robin and Paquin, 1991). 

Three measurements of the size distribution 
of the fat globules were carried out on each 
sample. The values of the average diameters 
and relative widths of the size distribution of the 
fat globules are shown In table I. 

Average size distributions 

A logarithmic transformation was applied to the 
emulsified fat globule volume-weighted average 
diameter (dj and to the homogenization pres- 
sure. Indeed, using the theory of Isotropic turbu- 
lence developed by Kolrnogorov (Walstra, 1969, 
1983) showed that the maximum size of a tat 
globule undergoing the homogenization process 
is a function of the energy density e (energy dis- 
sipated per unit of volume and time) or of the. 
pressure P (e *r 1/2 ). of the tnterfacial 
sion y, and of the mass density pa 

c^« (r * r 3 r i)IocP-£ 
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Qoutden and Phipps (1964), Walstra (1 975yaj$;g|p j 
others have experimentally confirmed these ri&* 
suits. 
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RESULTS 



Accuracy and reproducibility 
of the PCS technique 

The 10 centre points serve as an i 
of the reproducMity of the PCS 
for determining the parameters of the 
distribution of the fat globules. These 
points correspond to values ofotaine 
the same emulsion. Using these results; 
reprockjcibility of the evaluation of the d, 
cv parameters was approximately 4J2, 




Microfluidization 

- $2% respectively. However, even though 
j the reproducibility of the results seem satis- 
^fying, that is, comparable with those ob- 
f tained by other methods, their accuracy 
I must be interpreted with some caution. Even 
' though the validity of the PCS technique, in 
^ terms of precision and reproducibility, has 
/been demonstrated by scattering from 
% known mixtures of relatively monocfispersed 
. polystyrene latex beads (Bargeron, 1974; 
i Brown and Pusey, 1975), results become 
f-less reliable when distributions are larger 
t: and pdydispersed (Weiner and Tschamuter, 
1987). Moreover, if the second cumulant is 
generally dominated by polydispersity rather 
|than by statistical noise in the autocorrela- 
tion function, in large distributions the analy- 
sis of the cumulant can lead to an underesti- 
mation of the variance (Chu and Dinapoli, 
; 1983). Higher order terms should be taken 
liito account, but this remains a difficult prob- 
| tern (Nicoti, personal communication). 

Influence of process variables 
on the average diameter of fat globules 
%$nd on the distribution width 
of the diameters 

*$n analysis of variance was carried out on 
the values given in table I using orthogonal 
"Comparison between the principal treat- 
ments and between the interactions (Box 
and Drapper, 1987). An Ftest was carried 
wit to differentiate the treatments and the 
interactions which had a significant effect on 
the volume-weighted average diameter of 
fat globules (dj and on the size distribu- 
tion of the relative width (cv). An adjustment 
test of the experimental results for a sec- 
6nd-order model was also earned out. 

^verage diameter 

|pf the emulsified fat globules 

Tabte II shows the analysis of variance of 
^ e ,0 9io W as a function of process 
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Table II. Analysis of variance of the logarithm of 
the volume-weighted average fat globule diame- 
ter versus process and composition variables. 
Analyse de variance du logarithms du diametre 
moyen pondM en volume des globules do 
gras, en fonction des variables de proc&te* et de 
composition. 







SS 2 


F3 


r* 4 


Modal 


on 


0.624 




0 9S9 


Linear effects 










[Prut[ 


1 


0.008 


9.6P 




[BOJ 


1 


0.217 


251 .4* 




[MGSl 


1 


0.147 


170.4* 




logic <p> 


1 


0.103 


119.1* 




T 


1 


0.006 


6.6* 




Quadratic effects 










[Prop 
[BO? 


1 


<1(H 


<0.1 




1 


■in u<tm 


1.9 










[MGSjr 


1 


<1Cr* 


< 0.1 




log 10 2 (P) 


1 


0.038 


43.5* 




T 2 


1 


0.025 


28.9* 




[Proti x [BO] 


1 


<10-3 


0.5 




[Prol\ x [MGS] 


1 


0.064 


73.8* 




[Proti x 1og l0 (P) 


1 


<10-3 


0.4 




[PmtixT 


1 


0.001 


1.3 




[BCHx[MGSl 


1 


<irr3 


<0.1 




[fiOJxlog 10 ^ 


1 


0.006 


7.0 






1 


0.002 


2.6 




IMGSlxlOQnfP) 


1 


0.001 


1.4 




[MGSl x T 


1 


<1CH 


<0.1 




TxlQQn(P) 


1 


0.002 


2.0 




Error 


31 


0.027 






Lack of fit 


22 


0.002 


3.4C 




Pure error 


9 


0.003 






Total _ 


51 


0.651 






Model 


8 


0.610 


80.8* 


0.937 


Error 


43 


0.041 






Total 


51 


0.651 







1 <tf = degree of freedom; * SS « sum of squares; * F = 
Fisher ratio; 4 /* = coefficient of determinatkm. Sgnffi- 
cancelGveta*p50.0001; b p£0.001; c pi0.01; d p£ 
0.05. 
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variables. According to the adjustment 
test, for p 5 0.01 {F < 4.77), the second- 
order model allowed an adequate descrip- 
tion of the variance of k>g 10 (d v ). Further- 
more, the linear effects of all the principal 
factors were significant (from 95% to 
99.999%). Butter oil ([SOD and monogly- 
ceride ([MGS\) concentrations had a major 
effect on the variance of the fat globule di- 
ameter they explained 33.4% and 22.6%, 
respectively, of the total variance. The 
emulsification pressure (P) and tempera- 
ture (T) represented 21.7% and 4.8% re- 
spectively, of the variance (the sum of the 
linear and quadratic effects: tog 10 (P) + 
tog t o (P)or T+T2)oflog 10 W). The ef- 
fect of the protein concentration was signif- 
icant (p £ 0.001) but represented only 
1 .3% of the variance of the log 10 (d v ). The 
last significant effect given by the analysis 
of variance was the [Prof] x [MGS] interac- 
tion which represented 9.8% of the vari- 
ance of the log 10 (dj. Other effects were 
not significant (p > 0.05). The error term 
represented « 4% of the variance of log 10 

A regression equation calculated from 
the significant effects (p < 0.05 or more) of 
the analysis of variance of log 10 (dj is 
shown in table III. This second-order mod- 
el was highly significant (p £ 0.0001) and 
explains 93.7% of the total variance of 
log 10 (dj. AP of the regression coefficients 
were highly significant (p £ 0.0001). It is, 
however, worth noting that the existence 
of a minimum average diameter as a func- 
tion of pressure (regression equation) was 
not significant, and resulted from an arte- 
fact produced by one of the extreme point 
(star point No 48). A separate regression 
analysis revealed that the increase in size 
beyond P = 50 MPa (the emulsification 
pressure from the regression model for 
which the derivative equals 0) was not sig- 
nificant. 

Figure 1 is the response surface ob- 
tained from a second-order model relating 



Table III. Analysis of regression and second- 
order model of the logarithm of the volume- 
weighted average fat globule diameter versus si- 
gnificant variables and interactions. > 
Analyse do regression et model* do second 
ordre dulogarithmadu dtametre moyen ponde* U 
en volume des globules de gras timufsifies, 
fonctlon des variables et des Interactions slgrHjjl 
catfves. 



Estimate * STD 2 



t 3 



Parameter 
Intercept 

[BOl 
IMGSI 

tog, 0 (p; 

T 

tog l0 2 rp; 

[P/ot] x [MGS\ 



14.283 


1.6 


-O.102 


1.2 10-2 


0.035 


210* 


-0.633 


510-2 


-4.755 


0.7 


-0.016 


310- 3 


0.506 


0.1 


1.1 10- 4 210* 


0.223 


2.710* 



-MRP 

.-•-.•j.»;Sj < 



5>i 



(og 10 (dj= 14.293 - 0.102 {Prod + 0.035 [60] 
- 0.633 [MGS] - 4.755 tog 10 (P) 
- 0.016 7+ 0506 log 10 a (P) 
* 10r« 7* + 0.223 [P/o(| X MGS 

Validity intervals: 
7 800sPs76310kPa0.5£[P#of]£3.9 wt%t 
35 s; 7*100 °C 5.2 <Z [BO] £ 14.8 wl% v 

0.08 S [MGS\ £ 0.88 



wtii. 



1 Estimate » parameter estimated under the regr 
model (table II). 2 S7D« standard error of the 
3 1 ss value of Student's Meet Significance level: a:jff 
0.0001. " 



the values of d v as a function of the 
oil concentration ([BOl, wt%) and of; 
emulsification pressure (P, MPa) .ft 
fixed temperature (50 °C) and for fixed? 
tein (1.5 wt%) and monoglyoeride f 
wt%) concentrations. As has been 
ed elsewhere, the average diameter 
fat globules decreases and reaches a^ 
teau as emulsification pressure inci 
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P?^ a ^^^^^^ em r fat dameter as a function of emulsi- 
..ncatron pressure, P (MPa), and butter oil concentration, [SO] (wt%) for a fixed temraahira rr=*n«r^ 
jjjd protein concern*** M = 1 .5 wt%). and a ^S^^SX^^ 

pnssion <refmusincatron, p (MPa), el de la concentration an Aufie da bourn IBOU%) oourimatem. 



$ut increases, as the fat content increases 
.{Walstra, 1975; Phipps, 1985). 

I &Qure 2 shows the complex influences 
£1 emulsifier type and concentration on fat 
gtobule size, for emulsions produced under 
"pndrtions of constant pressure (50.0 
*Pa), temperature (50 °C), and butter oil 
v ncentration (10 wt%). Our results are in 
.^reement with previous reports in that, if 
»e presence of a single surfactant results 
" a dramatic lowering of the size of the fat 
obules, the near absence of surfactants 
^flmm = 0.5 wt%, and [MG^ n = 0.08 



wt%) results in a maximum value for di 
(678 nm). 

Relative width of the size distribution 
of the emulsified fat globules 

A preliminary statistical analysis has re- 
vealed that the variations of cv as a func- 
tion of various independent variables could 
not be adequately described by a second- 
order model (/* = 0.71 after pooling; the 
adjustment test was not significant) in the 
original validity interval A reduction of the 



Best Available Copy 



520 



O Robin era/ 





: XV, >, 



■■■■ 



ft 



.' Vs..., 

.■;V,-ri?»« 



■ y 

Fig 2. Response surface of the volume-weighted average fat globule diameter as a function of pro| 
tein, [Profl (wt%), and monoglyceride. [MGS] (wt%), concentrations for a fixed temperature r - 
50 °C), a fixed pressure (P = 50 MPa), and butter oil concentration [BO[ = 1 0 wt%). > ; 
Surface de riponse du dlametre moyen pondM en volume des globules de gras en tonctton 
concentrations en prolines, /Prot] (%). et monogtyctrides, /MGS/ (%), P^^^^^ 9 ^ 
SO c C) t une pression (P » SO MPa), et one concentration en huite de beurre ffBO; = W%) nxees. y ^ 



Mi 



interval corresponding to the elimination of 
an extreme point (No 49) has consequent- 
ly been effected. 

Table IV shows the analysis of variance 
of cv as a function of the process vari- 
ables. According to the adjustment test, for 
p£ 0.01 (F< 4.77), a second-order model 
could adequately describe the variances of 
cv in this new validity interval. As men- 
tioned previously, the linear effects of the 
principal factors, except the temperature 
one, were significant (from 95% to 
99.999%). The protein and monoglyceride 
concentrations had an important effect on 
the variance of cv. they explained respec- 



tively 16.0% and 13.4% of the total 
ance. The emulsification pressure 
temperature represented respee 
16.8% and 2.7% (the sum of the linearj 
quadratic effects: P + f* and 7*) of 
variance of cv. The effect of the butter 
concentration (p < 0.0001) repre 
7.7% of the variance of cv. The other 
ly significant interactions ([Profl x 
[BO[ x P) represented 28.5% of the] 
variance. The error represented ap|i 
mately 10.2% of the variance of cv. ' 

A regression equation, calculated 
highly significant effects (p £ 0.000 1) 
the analysis of variance of cv, is sho* 
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Table IV. Analysis of variance of the standard 
deviation of the volume-weighted size distribu- 
tion of fat globules versus process and composi- 
tion variables. 

Analyse de variance de la deviation standard de 
la distribution des tallies pondtees en volume 
des globules de gras en fbncthn des variables 
de precede' et decomposition. 



oY 1 SS 2 F 3 r* 4 



Model 

5- Linear effects 

[ProQ 
IBOl 
[MGS\ 
P 

r 

Quadratic effects 
f * [Prof? 
i [BO? 
[MGSp 

: /* 

, [Pro/] x [SO] 
; . [Prod x [MGSl 

[Proti x T 
[BOl X[MGS\ 
[BOixP 
[00] X T 
[MQSlxP 
[MQS\ x T 
T%P 

iError 

S Lackoffit ' 
; Pure error 



20 4196.5 13.1* 0.897 



749.1 
361.2 
626.7 
156.9 
4.6 



46.9* 

22.6« 
39.2 a 
9.8 a 
0.3 



17.9 


1.1 


39.4 


2£ 


20.8 


1.3 


630.9 


39.5« 


123.9 


73° 


359.4 


22£» 


23.5 


1.5 


0.2 


<0.1 


75.0 


4.7 


19.7 


1.2 


974.8 


61 .0« 


2.1 


<0.1 


03 


<0.1 


7.2 


0.4 


3.0 


0.2 



Total 

Model 
Error 
Total 



30 479.3 

21 3592.7 4.1c 
9 3563 

50 4 675.8 

9 3823.0 20.4' 
41 852.9 

50 4675.9 



0.818 



'See table II for statistical abbreviations. 



table V. The second-order model, which 
*!«s highly significant (p s 0.0001), was 
-able to explain 81.8% of the total variance 



Table V. Analysis of regression and second- 
order model of the variation coefficient of the vo- 
lume-weighted size distribution of fat globules 
versus significant variables and Interactions. 
Analyse de regression et modete de second 
ordre du coefficient de variation de la distribu- 
tion des tailles ponoe'r&es en volume des glo- 
bules de gras, en fonction dSas variables et des 
interactions significatives. 



Estimate* S7D 2 



f3 



Parameter. 
Intercept 
[Prot] 
[BQ 
[MGSl 
P 
T 
f* 
72 

[Proti x [BO\ 
[BOJxF 



25.127 
12.532 
9477 
-19.278 
+2.8 10-* 
-1.133 
10" 7 
0.0083 
-1.676 
-1.3 10"* 



18.2 


1.4 


4.1 


3.1 


1.1 


8.9" 


3.6 


-5.4« 


310- 4 


0.9 


0.4 


-2.6 


10-8 


4.1» 


0.03 


2.7 


OA 


-4.2« 


210" 6 


-6.8» 



cv= 25.127 + 12.532 [Prot + 9.477 [BCJ 
-19.278 [MGSl - 2.8 1(H P- 1.133 T 
+ 1 0- 7 /« + 0.008 72 - 1 .676 [flrofl x [BOl 
-1.31CH(SqxP 

Validity intervals 

20 400 S P s 76 300 kPa 0.5 £ [Profl S 3.9 wt% 
35S7£100°C 5.2 £ [BCJ £ 14.8 wt% 

0.08 5 [MGSl 5 0.88 Wt% 



See table HI (or statistical abbreviations. 



cv. The value of the regression coefficients 
of the P term was not significantly different 
from 0(p> 0.05). 

Figure 3, obtained from a second-order 
model, corresponds to the response sur- 
face of the standard deviation of the vol- 
ume-weighted size distribution of fat glob- 
ules as a function of emulsrRcation 
pressure, P (MPa), and butter oil concen- 
tration [BOl (wt%), for a fixed temperature 
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Fig 3. Response surface of the coefficient of variation standard of the volume-weighted size *sWx||| 
ton of fat globules as a function of emutsification pressure, P (MPa), and butter oil concentr-*^* 1 
[BO\ (wt%), for a fixed temperature < T = 50 °C), a fixed protein concentration ffP/ofl = 1 A wt%), 
fixed rrwnogtyceride concentration ([M<3S] = 0.4 wt%). 

Su/fece <fe rtponse du coefficient de variation de la distribution das tallies pondtrtes en volume pW^ 
alobules de gras en fonction da la pression (fdmuIsWcation, P (MPa), etdela concentration en^fc 
de beurre. /BOJ (%), pour une temperature donnae (T = 50*C), etdes concentrations nxees en pm 
telnes ([Prox] « 1.5%) at en monogtyce'rides (QAQS] = 0.4%), 



(T « SO °C), a fixed protein concentra- 
tion ([Profi = 1.5 wt%). and a fixed mono- 
gtyceride concentration {[MGS\ = 0.4 
wt%). An increase in the emutsification 
pressure and/or butter oil concentration re- 
sulted in an increase in the value of cv. 
This figure also shows the minimal values 
for cv that are a function of both P and 
[Sq (table IV). 

Figure 4 shows the response surface 
obtained from a second-order model of the 
volume-weighted size distribution of fat 
globules as a function of protein and 



monoglyceride concentration, for a 
temperature (50 °C) t pressure (50 M 
and butter oil concentration (10 wt%). m _ 
figure indicates the cooperative effect^ 
surfactant content on the reduction in c$ 
this volume-weighted distribution. 

pH of the emulsions 

The average pH of the 52 emulsions ^ 
7.06 with a standard deviation of ± 0.Q4| 
emulsions therefore had similar ach" - 
properties. 



if 
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4 - Response surface of the coefficient of variation of the volume-weighted size distribution of fat 
. globules as a function of protein, [Prof[ (wt%), and rnonglyceride, [MQS[ (wt%), concentrations for a 
$toed temperature (T- 50 °C). a fixed pressure (P - 50 MPa), and butter oil concentration itBQ = 10 
•swl%). 

; Surface de rtponse du coefficient de variation de la distribution des failles ponddries en volume des 
tfobules de gras en fonction des concentration en prolines, /Protf (%), et monogtycdrides, [MQS] 
*■ (%), pour una temptmnm (J ~SQ°C) 9 una presshn (P=50 MPa), et une concentration en huiie de 
'■beurre (J&OJ « 10%) fixers. 

f- 

DISCUSSION 

. Emuisiftcatf on is a dynamic process where 
i the disruption and recombination or coa- 
lescence of the fat globules take place si* 
i multaneously, each with its own rate con- 
stant or time scale (Walstra, 1 983; 
Tomberg et a!, 1990). Consequently, not 
fonly the final droplet size distribution but 
also other emulsion properties such as 
^ rheologtcal behavior will be determined by 
the conditions leading to an equilibrium be- 
tween breakdown and coalescence. The 



probability of newly formed droplets coa- 
lescing depends on the time available for 
the interfaces to be covered by the surfac- 
tants. The time available depends on emul- 
sifying conditions (eg emulsifying machine, 
power density), which are influenced by 
the fat content, the ratio of surfactant to fat, 
and the nature of the surfactants. In order 
to be active (prevent coalescence), surfac- 
tants must not only be transported to the 
interfaces, they must also be able to ad- 
sorb. Adsorption depends on the number 
of surfactant collisions with fat particles, 



! 
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and on the probability of the surfactants 
adsorbing after colliding with the interface. 
Adsorption is likely influenced by molecu- 
lar properties such as hydrophobic^, flexi- 
bility and charge density (Kato, 1991; Lo- 
rient et al, 1991). However, the adsorption 
process occurs on a time scale of less 
than a millisecond during the homogeniza- 
tion process (Walstra, 1983), so it is very 
unlikely that an adsorption equifibrium is 
obtained 

For a given process, the emulsification 
efficiency Is the result of an optimal combi- 
nation of process variables and of the 
composition of the liquid to be emulsified. 
Six major variables are generally consid- 
ered: emulsification pressure (P) and tem- 
perature (T), liquid flow rate (Q), the frac- 
tion (0) of the disperse phase and the 
surfactant concentration(s) (Walstra, 1983; 
Phipps, 1985). In the present study, the ef- 
fect of flow rate on the size distribution of 
the fat globules was not considered. It has, 
however, been shown for oil-irvwater 
emulsions (Phipps, 1975, 1982, 1983; 
Walstra, 1975) and for conventional ho- 
mogenizers (Manton-Gaulin and/or Ran- 
nie), that there is little or no influence of 
the flow rate of the liquid to be emulsified 
when 0£ 30%. 



Influence of process variables 

on the ate distribution of fiat globules 

Effect of emulsification pressure 

It was empirically shown (Goulden and 
Phipps, 1 964; among others) and then vin- 
dicated by Walstra (1969, 1975) that clas- 
sic homogenization processes (the sys- 
tems of Manton-Gaulin or Rannie), at 
moderate emulsification pressures (0.25 
MPa £ P £ 40.5 MPa), using milk, cream 
with a fat concentration of 0 £ 12% or any 
other dilute emulsion, could be quantified 
by a relation such as d * pm where the ex- 




ponent m has a value of -3/5 ([1]). The ex- 
ponent jn in the descending slope of the 
curve d v = f (P™) (fig 1) is of the order 
-0.53 ± 0.04. These results, therefore, 
seem to corroborate the theories linked to 
the breakdown of fat globules during turbu- 
lent flow conditions. However, there is no 
general agreement on the functioning of 
conventional homogenizers at high pres- 
sure. According to Walstra (1989, 1983) 
and Davies (1985) the breakdown of the 
fat globules can be described by the turbu- 
lence theory put forward by Kolmogorov. 
According to Phipps (1975, 1985), the 
breakdown of the globules at the entrance .:.m^ 
to the homogenization valve can be denltff! 
scribed by the Taylor analysis of shearing^p 



forces. The design of the mk^fluidization ; ^ 
chamber (microchannels, mixing zone, etc) ^ ; ^ 




differs fundamentally from an homogenizE^H^ 
tion chamber (basically a valve and ..a v ;S|^f 
seat). Even if the forces that lead to th6 
breakdown of the fat globules are thej| 
same, their respective influence on theypl 
breakdown is apparently not the same. ^ ^ 

_ Although the convex nature of the cuhre,^pl| 

d y = f (P\BOi ( fi 9 1) is * e resu,t of an *8§PSf 
pertmental artefact and of its statistk^J^ 

consequence (the minimum is very shai^f§ 

low), some authors (Becher, 1967; Phipp^|g§| 

1975; Tomberg, 1980) have reported thig^ 

an increase in homogenization intensity^! 

(E) t and/or fat concentration above optimaL^p 

yields (P* 40 MPa or 60 W and/or --"^ 

12%) could result in an increase in 

size. This increase, called overprocessingg 

by Tomberg (1980), should indicate 

coalescence is the dominant factor go 

ing the final droplet size of the emulsiq^^ 

However, the valicfity of the methods tK$^&& S 

have been used for producing emulsion^ 

and determining average size is question^ 

ble. In the present study, it is reasonable, 

think that an increase in collision freque 

with increasing pressure would at m 

lead to no further decrease in globule s 

as the minimum is very shallow. An i 
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& crease in emulsification intensity above op- 
;v timal conditions, which causes a relatively 
| small change in average droplet size, re* 
v suits in unnecessary energy consumption. 
\ The optimal condition corresponded to Pa 
50 MPa. The reduction in fat globule size 
' have various consequences. Emulsions 
'. • which contain small droplets have a ten- 
." dency to be more stable with respect to 
creaming (Stokes* law), and to coalesce 
\ more than those containing large droplets 
, : (MacRitchie, 1976). According to the Mac- 
\; Ritchie approach, which correlates film sta- 
% bility to an energy barrier, the compres- 
v sbnal free energy barrier can be, under 
| some conditions, proportional to 1/tf . How- 
| ever, in practice the effects are not as 
great as predicted by these equations 
f (Walstra and Oortwijn, 1975; Dickinson 
% and Stainsby, 1982). 

If the average particle size can provide 
?• some information about the behavior of 
| emulsions, most attention should, how- 
; ever, be paid to the top end of the size dis- 
j tribution as most types of instability are 
; usually first manifested by the behavior of 
% the largest droplets. Although the distribu- 
tion width of fat globules is an extremely 
'■' important parameter when characterizing 
: an emulsion, it has not been studied in 
V great depth. Walstra (1975) demonstrated 
! f that the relative width of fat globules in ho- 
> mogenized milk sharply increases with the 
homogenization pressure (0 < P < 5 MPa), 
% reaches a maximum (P = 5 MPa) before 
I: remaining fairly constant and attaining a 
' limit (P = 30 MPa). These results were 
I partly confirmed by Tomberg (1980) study- 
ing the behavior of various protein stabi- 
• lized emulsions made by a sonifier. In the 
I present study, valid for 20.4 MPa s P s 
v 76.3 MPa, the results revealed a behavior 
: - ■ that differed as a function of butter oil con- 
5 centration ([BOJ, wt%). At quite high [Bq, 
*- in conformity with previously mentioned re- 
i suits, the relative width of the fat globule 
distribution diminished as a function of 



emulsification pressure. However, at lower 
concentrations, the behavior was reversed. 
Although these trends should be interpret- 
ed with some caution (lack of accuracy in 
the determination of the standard devia- 
tion, low value), it appears that trends 
near central points are similar to those re- 
ported elsewhere. At the endpoints of the 
experimental design, trends are much 
more difficult to establish, particularly when 
the decrease in cvas a function of [BQ at 
high P should arise from the standard devi- 
ations) being less affected than d v by the 
emulsification intensity. 

Effect of emulsification temperature 

Since Gaulin, ft has been recognized that 
the efficiency of the emulsification pro- 
cess is very low in the presence of solid 
fat (Kessler, 1981). Consequently, the 
production of oil-in-water emulsions is 
normally carried out at temperatures 
above the final melting temperature of the 
fat (7" t z 40 °C, Jenness and Walstra, 
1984). Several authors, studying the ho- 
mogenization of milk, have shown that an 
increase of 10 °C in temperature between 
40-70 °C decreases the average diame- 
ter of the fat globules by 6-8% (Walstra, 
1975) to 10-15% (Sweetsur and Muir, 
1983). This effect weakens or disappears 
above 80 °C. As expected, an increase in 
temperature between 35-82 °C resulted 
in a decrease in the average diameter of 
8%/10 °C. Although equation [1] does 
not predict that the viscosity of either 
phase can have an effect on the droplet 
size resulting from the emulsification pro- 
cess in turbulent flow, a decrease of vis- 
cosity will understandably affect the rate 
of passage through the emulsifier and the 
ease of disruption of the globules. Walstra 
(1974, 1983) suggested that an increase 
in the viscosity of the dispersed phase 
(rio) should correspond to a deformation 
time of a droplet larger than the character- 
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istic time of an eddy. As the smallest ed- 
dies are presumably the most effective 
(they have the highest kinetic energy), an 
increase in no should lead to a larger 
spread in flow conditions and conse- 
quently in droplet size distribution (cv), as 
was indeed the case. Moreover, an in- 
crease in temperature changes all the 
composition variables that determine ad- 
sorption; fat changes to oil and the mac- 
romolecular penetration into the oil be- 
comes possible, hydrophobic interactions 
at the interface probably become more in- 
tense (at least up to 60-65 °C), and the 
molecular structure of water weakens, 
which affects its quality as a solvent for 
surfactants and for hydrophobic interac- 
tions. Above 82 °C, the average particle 
diameter increased slightly. Although this 
result has not been explained, it should 
be noted that the influence of the temper- 
ature on the average diameter of the fat 
globules is relatively low: temperature 
only explains 4.8% (table II) of the total 
variance of log 10 W and between 82 and 
100 °C it represents < 1% which is much 
lower than the experimental error 
(«6.3%). Moreover, the statistical in- 
crease in d v is a consequence of the 
measurements obtained from an emul- 
sion that was not repeated (No = 48) and 
corresponds to an extreme point (star 
point) in the experimental design, cv was 
influenced in a similar manner by the tem- 
perature (table V). 



Effect of composition variables 

on the size distribution of fat globules 

Effect of butter oil concentration 

The concentration of fat affects the ho- 
mogenization efficiency of dairy products 
when it is > 10% (Walstra, 1975; Phtpps, 
1985). The microfluidization of the model 
emulsion demonstrated that an increase in 



the butter oil concentration (5.2 £ [BQ s 14 
wt%) resulted in a very significant increase 
in the average diameter of the fat globules 
(dj (table II, fig 1) and in the size distribu- 
tion (cv at low pressure) (table III, fig 3). An 
increase in the fat concentration resulted in 
a relative decrease in the concentration of 
surfactant available to cover the new interf a- 
ctai surface that was formed during the 
emulsification process. The fat content arid 
the ratio of surfactants to fat affected the ex- 
tent of coalescence of the newly formed 
globules by governing the probability that 
the latter collide before they recover by & 
surfactant layer. Also, with higher oil con- 
centrations, distances between fat globules 
decrease and the probability of bridging 
could increase. This results In a general ten- 
dency to increase "particle" diameter. 

Effect of surfactant concentration 

The addition of surfactants, which results 
in a decrease in interfacial tension (y), re- 
duces the interfacial free energy (AG) of 
the system, 



where AS is the change in the interfaciej: 
area 

and thereby the Laplace pressure whichis; 
beneficial In reducing both the energy rti& 
quirement to form emulsions and the drop| 
let size that can be obtained. However, the; 
only holds if the ratio (surfactant/interfac^j 
surface) is large enough to cover the ne# 
interfacial surface formed during the emup* 
sification process and leading to minimize 
the coalescence or polymeric bridging 
(Hailing, 1981; Tadros and Vincent, 1983| 
For minimal protein and monoglyceride 
concentrations ([Prof) = 0.5 wt%, [MGSJ * 
0.08 wt%. with P « 50 MPa, T = 50 % 
[BO] s 10 wt%), the average diameter j 
the fat globules was at a maximum (<fy | 
678 nm). 
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Although certain general rules can be 
deduced from simple thermodynamic prin- 
ciples, the degree and, more importantly, 
the consequences of the adsorption of 
protein to the interface can vary consider- 
ably with the type of protein and with 
emutsification conditions. Thus, while 
Oortwijn and Walstra (1979) reported that 
whey protein concentration (0.01-2.0%) 
had relatively little effect on the size of fat 
globules in homogenized emulsions, 
Pearce and Kinsella (1978) demonstrat- 
ed, using homogenized emulsions stabi- 
: lized with various proteins, that increasing 
the protein concentration (0.5-5%) could 
decrease the average diameter of the fat 
globules by a factor of 2.5. Thus, the na- 
ture of the surfactant (hydrophile-lipophile 
balance, molecular weight, molecular flex- 
ibility) as well as its relative concentration 
(with respect to other surfactants) directly 
influence the size of the fat globules. Fig- 
ure 2 illustrates the complex influences of 
the chemical structure and of protein and 
monoglyceride concentration on the aver- 
age diameter of emulsified fat globules; 
the other variables were kept constant 
(P= 50 MPa, 7a 50 °C, [BOi = 10 wt%). 
During theemulsification process, smaller 
droplets {d v = 259 nm) are produced in 
the presence of low concentrations of pro- 
teins and high concentrations of monogty- 
cerides ([6ro/| = 0.5 wt% and [MGS\ = 
0.88 wt%, respectively) because monogly- 
cerides are better able to lower interfacial 
tension than proteins alone. With high 
protein concentrations and low monogly- 
ceride concentrations, d v = 350 nm. Dick- 
inson et al (1989) reported similar trends 
when studying the effect of octaoxyethy- 
lene dodecyi ether (C^Eg) with 0.1 wt% 
caseinate on the droplet diameter of O/W 
emulsion (20 wt% n-tetradecane, pH 7, 
25 °C). However, care is needed when 
analysing these results as the surfactants 
used were different and hydrocarbons 
have a higher interfacial tension with wa- 



ter than do mixtures of triglycerides with 
water (Fisher era/, 1985). 

Moreover, the increase in the concen- 
tration of surfactant (for a given [60], P 
and 7) results in a decrease in the average 
particle diameter (Dickinson et al, 1989) if 
the monoglycerides to protein ratio is tower 
or equal to 0.15, eg [Prof\ = 2.85 wt% and 
[MGSl = 0.46 wt% (fig 2). Although these 
concentrations are independent of the 
[BCj, which is rather surprising, it is sug- 
gested that an increase in the size of the 
fat globules above these concentrations 
can be attributed to, 

- a competition between fat and monogly- 
cerides to bind proteins due to the high 
number of monoglyceride molecules per 
residue of caseinate and to the formation of 
hydrophobic bonds between a polar amino 
acids and the hydrocarbon groups of the 
monoglycerides (Dickinson and Woskett, 
1989). These weak complexes, if they form, 
should be rather surface-inactive, as the hy- 
drophobic areas of protein and nonionic sur- 
factant bind together, and 

- to protein displacement from the inter- 
face by monoglycerides. In another study 
using casein and MGS, Paquin et al (1987) 
found that surface pressure isotherms in 
the high-pressure region are essentially 
the same as for the monoglycerides alone, 
suggesting protein displacement from the 
interface. It is likely, as suggested by 
Doxastakis and Sherman (1986), that 
mono- and digfycerides present in com- 
mercial glycerol monostearate form com- 
plexes with caseinate at the oil-water inter- 
face. It would appear that this (mixed) 
emulsifier does not behave simply as a 
nonionic, noninteracting surfactant 

Surfactants (proteins and low molecular 
weight surfactants) seem to have a coop- 
erative effect on the reduction of cv(fig 4). 
As was mentioned in the discussion on the 
determination of cv, these results must be 
interpreted with caution. 
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Fig S. Effect of process and composition variables on fat globule size distribution parameters. For: 
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CONCLUSIONS 

The process and composition variables 
which were studied affect, in varying pro- 
portions, the efficiency of the emuJsiftcation 
process called microfluidization. Some of 
these influences are summarized in figure 
5. The variables that had the greatest influ- 
ence on the size distribution of the fat glob- 
ules are the butter oil concentration, the 
concentration of low molecular weight sur- 
factants (monoglycerides), the emulsiftca- 
tion pressure, the protein concentration (so- 
dium caseinates) and the emulstfication 
temperature. However, if the average sizes 
are fairly reliable, the results on relative dis- 
tribution width must be taken with caution. 



The utilization of an experimental <?S?pp 
sign, applied to a dairy-type emulsion^ ' 
demonstrated the complexity of the in 
ences and interactions (depending on 
•area of study, pressure, temperature 
concentrations) of process and c 
tion variables on the size distribution of 
fat globules. If the usefulness of mech 
tic and thermodynamic principles is n^ 
doubt, it is stfll impossible to comple 
predict all aspects of the behavior of 
emulsion. 

Rnally, although this work was cal 
out on a model system and although ft 
demonstrated that for other conditions (ti 
existence of interaction terms) the eft 
would be different, the results should j 




Microfluiclization 

vide a guide for optimizing the emuistfica- 
t tion process. 

■v L 
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receptor kinase. Orthovanadate activates insulin re- 
ceptor kinase by inhibiting the activity of a protein 
tyrosine phosphatase in the cells. Cephalochromin is a 
polyphenolic compound that has been observed to ac- 
tivate the IRTK activity (unpublished observation). 
Compound A is a small molecule that has been shown 
to enhance IRTK in these cells (21, 22). As shown in 
Fig. 2C t insulin receptor isolated from cells that have 
been treated with these agents showed a higher IRTK 
activity than the untreated cells. Moreover, this activ- 
ity was similar to what has been observed for these 
compounds using the radioactive version of IRTK as- 
say (date not shown) . Taken together these data dem- 
onstrate the usefulness of this assay for measuring the 
kinase activity of the insulin receptor that has been 
treated with diverse kinds of activators. 

In summary, we have presented a significant im- 
provement in the method to measure insulin receptor 
tyrosine kinase activity. This has been accomplished 
by developing a FRET-based assay, which utilizes a 
biotinylated substrate peptide from a natural sub- 
strate site of the IRTK, a Eu-labeled pT66, an an- 
tiphosphotyrosine antibody that specifically recognizes 
the phosphorylated peptide, and XL665-labeled 
streptavidin. Utilizing these reagents, we have demon- 
strated that this detection method yields results simi- 
lar to what would be expected with the radioactive 
version of this type of assay. We have also shown that 
this assay is not only able to detect insulin-stimulated 
activation of the receptor kinase activity, but is also 
able to measure increases in the kinase activity of the 
insulin receptor that has been stimulated with com- 
pounds known to enhance insulin receptor kinase ac- 
tivity in cells. In contrast to other formats this assay is 
performed in a single plate without various washing 
steps which are often necessary to remove unincorpo- 
rated ATP from the reaction. Due to t his feature of the 
assay we have been able to process more than twenty- 
five 96-well plates per day. In short, this assay is a very 
robust and efficient method of determining the status 
of insulin receptor kinase isolated from cells in vitro 
without the use of radioactive materials. 
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Various physical methods exist for determining the 
distribution of sizes of micron and submicron particles 
in suspension. Light and electron microscopy, visco- 
simetry, sedimentation techniques, the electrical sens- 
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ing zone method (Coulter technique), various scatter- 
ing techniques (static and dynamic light scattering, 
X-ray and neutron diffraction), chromatography, elec- 
trophoresis, and some other more exotic methods have 
been used for sizing. In liposome applications, the most 
common in recent years has been the dynamic light 
scattering technique. The method is relatively fast and 
easily applied to normal samples without special prep- 
aration. Also, it can be extended to assess the shape 
and size distributions. Electron microscopy, although 
more complicated, invasive, and time-consuming, 
helps to obtain detailed and reliable information about 
lipid particles having an extended size range or non- 
spherical shape. 

A rapid and reliable method of estimating particle 
size is esoeciallv useful when dealing wilhliniri vesi- 
cles and, despite the numerous methods mentioned 
above, none of them combines both speed and ready 
availability of the required experimental equipment. 
In this paper we describe a method for estimating an 
average size of lipid vesicles with only a spectropho- 
tometer. Theoretical considerations and experimental 
evidence allow us to propose two possible measurement 
schemes, both based on calibration with vesicles of 
known size: (i) fit turbidities measured with more than 
one vesicle sample of known size to a standard curve; 
(ii) obtain the turbidity spectrum for a vesicle sample of 
known size and convert it to the size dependence of 
turbidity. The vesicle samples of known size can 
readily be produced by extrusion (1, 2). The details of 
both approaches are discussed further. 

Experimental Approach (Procedure 1) 

Figure 1 represents the experimentally obtained re- 
lationship between the turbidity of a lipid suspension 
and the size of the constituent vesicles. Egg L-a-phos- 
phatidylcholine (Avanti) at 1 mg/ml was used, samples 
of different sizes having been obtained by sonication 
for different durations of time in a water bath sonica- 
tor. The actual diameter of vesicles was measured by 
dynamic light scattering (Brookhaven Instruments BI- 
200SM goniometer and BI-9000 digital correlator; cor- 
relation curves analyzed by quadratic cumulants (3)). 
The turbidity was measured as the apparent optical 
density with a Beckman DU-50 spectrophotometer at 
440 nrn (upper curve) and 780 nm (lower curve). 

The first important observation is the general shape 
of the curve. The turbidity as a function of vesicle 
diameter fits two intersecting lines, being linear for 
small and constant for large sizes. These two lines 
intersect at some wavelength, A i( which is proportional 
to (although smaller than) the wavelength of the inci- 
dent light. The plateau value of turbidity depends upon 
the wavelength of incident light. The turbidity at any 
wavelength of the sample of any particle size was pro- 
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FIG. I. General shape of the size-turbidity dependence for an egg 
[.-^-phosphatidylcholine vesicle suspension at 1 mg/ml. Turbidity 
was measured at two wavelengths: A — 440 nm (circles) and 780 nm 
(squares). Closed symbols indicate size standards. Lines show the 
result of fitting by two intersecting lines as described in procedure 1. 

portional to the lipid concentration up to 5 mg/ml (data 
not shown). We conducted similar experiments with 
egg lecithin and its 7:3 mixture (by weight) with cho- 
lesterol and in all cases obtained the same general 
size-turbidity dependence (data not shown), indicating 
that such behavior is inherent in the properties of lipid 
vesicles as light scatterers. 

The explanation of the experimental size-turbidity 
dependence is given below in terms of Rayleigh-Debye 
scattering theory; however, even without a theoretical 
model, one can propose the following approach based 
only on the experimental results: 

1 . Measure the turbidity of a handshaken lipid sus- 
pension (in most cases these vesicles are larger than a 
wavelength, so it allows estimation of the turbidity 
maximum) — point 1 in Fig. 1. 

2. Measure the turbidity of two standards smaller 
than the chosen wavelength (for instance, obtained by 
extrusion) — points 2 and 3 in Fig. 1. 

3. Fit the above three values with two intersecting 
lines. 

The linear region of the curve can then be used to 
assess the size of the unknown vesicles. The maximum 
turbidity, although useless by itself for size estimates, 
determines the range of sizes where a calibration is 
applicable. 

Theory-Based Approach (Procedure 2) 

The overall turbidity of a lipid vesicle suspension can 
be related to the scattering characteristics of the indi- 
vidual vesicle (4). If we consider a homogeneous ensem- 
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ble of thin shells as the model, one can show that 
turbidity. A, is given by 1 



A = 0.054cS 0 N a /a s /M 



[1] 



(see footnote for meaning of the symbols). The scatter- 
ing efficiency, a Sf is the fraction of light scattered by an 
individual vesicle of given size, and in order to com- 
plete the model it is necessary to apply scattering the- 
ory to obtain its analytical expression. 

As long as a lipid vesicle is considered to be a thin 
shell or hollow sphere, the scattering efficiency can be 
determined within Rayleigh-Debye light scattering 
theory (5, 6). We generally followed this theory to de- 
rive an expression (below) for the scattering efficiency. 
Therefore, we will not present the complete derivation, 
which is rather straightforward, but limit our discus- 
sion to few important considerations. 

Rayleigh-Debye theory is applicable to lipid vesicles. 
The applicability of Rayleigh-Debye theory is limited to 
the cases when there is no significant change of phase 
of the incident light when it penetrates the particle. In 
order to satisfy that condition, the thickness of the 
bilayer h (or stacked bilayers in multilamellar struc- 
ture) should obey the condition, 



A 0 /(47r/r; 0 (/77- 1)) ~ 1.1A 0 . 



[2] 



when m 0 — 1.33— refractive index of water; m = 
/27 Upicl //77 0 - 1.4/1.33 = 1.05 and A 0 is the wavelength 
of incident light. Since the bilayer thickness is about 5 
nm, even highly multilamellar structures obey the 
above condition, as long as visible or ultraviolet light is 
used. It is especially important to emphasize that it is 



2 The intensity of transmitted light, /, is given by 

/ ~ / 0 exp(-« s /Hr/), 

where a s is scattering efficiency, n the concentration of particles, <r is 
their cross-sectional area, 1 the optical path length, and /„ the inten- 
sity of the incident light. Turbidity, A, is 

A = -log(///n) = 0.43a s /vo-A 

The concentration, n, of unilamellar vesicles with bilayer thickness 
h and diameter D (assuming h < D), is given by 

n = cim 0 = cStiNfJlirMD 2 , 

where c is the weight concentration of lipid. ni Q the mass of individ- 
ual vesicle, 5 0 the area per lipid molecule in the bilayer, and M the 
molecular weight of lipid. Taking into account that it - tt/J? ? /4, one 
can obtain 

A - 0A3a<£cS 0 N A /27rMD 2 )(TrD 2 /4)l = 0.054a 5 c5 0 AU/Af 



the "longest dimension through the particle" (Ref. 7, p. 
415), i.e., the bilayer thickness rather than its overall 
size (vesicle diameter), that is the decisive parameter 
for Rayleigh-Debye scattering. In the case of lipid ves- 
icles, this means that it is still applicable when the 
diameter of the vesicle is comparable to or even larger 
than the wavelength. 

Lipid vesicle: Thin shell or hollow sphere? The hol- 
low sphere model of lipid vesicles is clearly closer to 
reality than that of a thin shell. However, this model 
leads to undesirable complications of the final equa- 
tions. We compared the scattering efficiency « s , calcu- 
lated for both models, and found that the correction 
introduced by the hollow sphere model is less than 
0.2% in the case of unilamellar vesicles. Even for mul- 
tilamellar vesicles with as manv as 1 0 bilavers it is less 
than —6%. We thus find Rayleigh-Debye scattering by 
thin shells to be adequate to describe the turbidity of 
lipid vesicle suspensions. The theory gives the follow- 
ing relationship between the turbidity A and diameter 
of vesicle D 



A = 4.82 



cS Q NJm^h\m l - 1) 
Mkl(m 2 + 2) 2 



77 sin 0(1 + cos 2 0)sin 2 (27r/77 o £> sin(0/2)/A o ) 



Bo 



sin 2 (0/2) 



dO, 



[3] 



where Q 0 is the acceptance angle of the detector (see 
footnote 2 for the meaning of other symbols). We intro- 
duce this parameter in order to indicate the fact that 
some part of the light scattered into small angles could 
impinge upon the detector, thus decreasing the appar- 
ent turbidity. 

Calculations based on Eq. [3] show that, as size 
increases, turbidity rises to a plateau value, given a 
finite but small acceptance angle. The physical reason 
for this behavior is that larger particles scatter more 
and more light into the small scattering angle domain 
as diameter increases. As a consequence, experimental 
readings will strongly depend upon spectrophotometer 
geometry. We found, for instance, that the turbidity 
changes dramatically when the sample-detector dis- 
tance is changed. The calibration procedure 1 (see 
above) and the experimental measurement must, 
therefore, be done under the same conditions (includ- 
ing sample concentration, lipid content, and measure- 
ment geometry). The problem of sample-detector geom- 
etry could be resolved by appropriate correction factors 
(8) or instrumentally, by using diaphragms (4), but 
doing so would considerably complicate the procedure. 

Equation [3] can be rewritten in the following gen- 
eral form 
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A(D. A) = f[D/k)/k 2 . [4] 

The function fin the above equation can be obtained 
from the turbidity spectrum of a standard sample 
(known size) and then used to generate the size-turbid- 
ity relationship for a fixed wavelength. This consider- 
ation makes possible another mode of spectrophotom- 
eter calibration, utilizing only a single sample of 
known size. 

1. Measure the turbidity spectrum (turbidity A as a 
function of wavelength) of a sample having a vesicle 
population of known size; i.e., obtain the function 
A Q {k) = i4(jD 0f A) = f[D 0 /k)/k 2 . As with procedure 1, 
the calibration sample can be produced by extrusion. 

2. Calculate the size dependence of turbidity mea- 
sured at some fixed wavelength A 0 , using the equation 

A(D, A 0 ) = f{Dlk«)lkl - f[DJ{k {) DJD))lkl 
. =/(Z? 0 /A*)/Ag = A*M 0 (A*)/Ag 

= D 2 Mk = k 0 DJD)ID\ [5] 

where A* = k 0 D 0 /D. 

It should be noted that this approach allows calibra- 
tion only in a limited size range. Let us assume that a 
D 0 = 100-nm extruded sample is produced and the 
turbidity spectrum is obtained over the A - 400-800 
nm spectral range. Then, for A 0 = 400 nrn, the calibra- 
tion can be used for sizes D — k Q D Q /k = 50-100 nm 
and, for A 0 = 800 nm, D = k Q D Q /k = 100-200 nm. 
Naturally, this approach would benefit from any exten- 
sion of spectral range. 

Concluding Remarks 

Turbidity and turbidity spectra measurements have 
been successfully used in the past to estimate the av- 
erage size of dispersed particles (see Ref.7, pp. 325- 
343; 9, pp. 491-494). Interestingly, specific turbidity 
(i.e., turbidity normalized to concentration) for solid 
spheres at first increases with size, reaches a maxi- 
mum, and then decreases for larger sizes. What ac- 
counts for the difference from the case of hollow 
spheres? If the scattering efficiency has a plateau be- 
cause of interference of light scattered by different 
parts of the particle, this would seem to apply to solid 
spheres as well. Closer analysis reveals that a differ- 
ence between shells and spheres is, in fact, expected. 
Equation [1] indicates that the only term which relates 
turbidity to size is the scattering efficiency of individ- 
ual vesicles. In fact, turbidity is also proportional to the 
cross-sectional area of the particle (i.e., to D 2 ) and to 
the number of particles in a unit volume, which for 
vesicles (i.e., thin shells) is inversely proportional to 
D 7 . Since these two dependencies mutually cancel, nei- 



ther appears in Eq. [1|. The situation is different if 
particles can be represented as a solid sphere. In that 
case their cross-sectional area is given by the same 
expression, but the particle concentration is inversely 
proportional to D 3 (not D z ) , thus causing a decrease of 
the turbidity as a function of size, as long as the scat- 
tering efficiency increase is not so large as to over- 
whelm the particle concentration effect. 

The range of sizes available for the method is limited 
by the wavelength of incident light, thus giving the 
maximal measurable size of about 500-600 nm (can be 
slightly extended if proper equipment is available to 
take readings in the infrared range). Theory predicts 
that one can extend this range by reducing the accep- 
tance angle of the light detector; however, even with a 

_ _ * 1 4.. l~ i J J . „1, U_ . 1. . 1 CO/. 

£eiu aperture, uie ituuiuity Lucuigca uy umy ouuul io/u 

when the vesicle diameter drops from two to one wave- 
length. The accuracy of the procedure could thus de- 
crease, even with precautions to minimize the accep- 
tance angle. 

Chong and Colbow (4) previously described a method 
to obtain vesicle sizes using the turbidity spectrum. 
Their method did not involve use of any standards and, 
as a consequence, required determination of the refrac- 
tive index spectrum of the lipid. Determination of the 
refractive index is tedious and requires specialized 
equipment (10). On the other hand, the introduction of 
extrusion methods (1, 2) has made it very easy to 
prepare vesicle dispersions of known size. Turbidity- 
based vesicle size measurement has thus become emi- 
nently practical. Because the method presented here 
has important advantages of speed, simplicity, and 
common availability of the necessary equipment, it 
should be useful in laboratories in which liposome re- 
search is done. 
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Reporter vectors are essential for the quantitative 
analysis of gene elements that potentially regulate 
mammalian gene expression (1). These gene elements 
may be cis-acting, such as promoters and enhancers, or 
£ra/7s-acting ( such as various DNA-binding factors (2). 
Several kinds of reporter vectors have been developed 
to study the promoter and/or enhancer activities of 
genes: chloramphenicol acetyltransferase (CAT) 2 re- 
porter vector, /3-galactosidase reporter vector, j8-glucu- 
ronase, alkaline phosphatase reporter vector, green 
fluorescent protein reporter vector, and luciferase re- 
porter vector (3 -7). Currently, reporter vectors using 
chemilurninescence-based assays Q3-galactosidase re- 
porter vector, j3-glucuronase, alkaline phosphatase re- 
porter vector, and luciferase reporter vector) are com- 
monly used in many quantitative analyses of gene 
elements (8), because the sensitivity of the assays is 
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1 Abbreviations used: CAT, chloramphenicol acetyltransferase; 
DMEM, Dulbecco's modified Eagle's medium; PCR, polymerase 
chain reaction; CMV, cytomegalovirus; poly (A), polyadenylation. 
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several orders of magnitude greater than that of con- 
ventional colorimetric- or fluorometric-based assays. 
Of them, luciferase reporter vectors are the most fa- 
vored reporter vectors for functional analysis of pro- 
moters and enhancers of genes, due to their rapid, 
sensitive, and reproducible assay system (9). In the 
luciferase assay, luciferin and other components are 
added to cell extracts, and the production of light from 
both cell extracts expressing the luciferase gene is 
measured conveniently by a luminoineter or scintilla- 
tion counter (10). 

Although luciferase reporter vectors have been com- 
monly employed in numerous studies, the transfection 
of only luciferase vector cannot provide normalized 
values of the activities of gene elements without simul- 
taneous transfection of a second reporter vector to mea- 
sure the efficiency (11). In this paper, a novel report 
vector (pJDL cmv ) was constructed to contain two lucif- 
erase genes, Photinus pyralis and Renilla reniformis 
luciferases, regulated by two different promoters for 
the first time, in order to measure simultaneously pro- 
moter activity and transfection efficiency. Two promot- 
ers of human glutaredoxin and ribonucleotide reduc- 
tase R2 gene were investigated with this novel reporter 
vector to verify its appropriateness for simultaneous 
measurement of promoter activity and transfection ef- 
ficiency. 

Materials and Methods 

T4 DNA ligase and restriction enzymes were pur- 
chased from Promega (Madison, WI), Chameleon dou- 
ble-stranded site directed mutagenesis kit was from 
Stratagene (La Jolla, CA), and Taq polymerase and 
deoxynucleotides were from Perkin-Elmer (Norwalk, 
CT), Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) 
was used to determine the amount of protein. 

Cell culture conditions. HeLa and NT cells were 
cultured in DMEM supplemented with 10% fetal bo- 
vine serum. The cells were grown to 60% confluence for 
the transfection experiments. 

PCR cloning of P. pyralis and R. reniformis lucif- 
erase genes. P. pyralis and R. reniformis luciferase 
genes were amplified from pGL and pRL vectors (Pro- 
mega), respectively, by PCR using respective forward and 
backward primers corresponding to two genes: 5'-TGCT- 
TGGC ATTCCGGT ACTGTTGG-3 ' and 5'-TTTACAATT- 
TGGACTTTCCGCCCTTCTT-3' for the Photinus gene; 
5'-CTGCAGAAGTTGGTCGTGAGGCAC-3' and 5'-TT- 
GTTCATTTTTGAGAACAGC-3' for the Renilla gene 
(12). 

PCR cloning of two DNA fragments containing poly (A) 
signal for P. pyralis and R. reniformis luciferase genes. 
Two DNA fragments containing SV40 early and late 
poly (A) signals were respectively amplified from pEGFP 
(Clontech) and pRL (Promega) by PCR using forward and 
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(to) (Mtrei). Veiy hygroscopic uIM. («]" -j|j«fe = loin 

PnaleUIy Intel In awtooc. dhcr. benzene. 

cT^US Carnitine ehjortdej n«i«lne. 
CjH||KO|,MCl: mol wt 19746. Crystals, dec 142* 
Dl^ornu H06-7MJ T-AmUio^hydro^iyric add crime*. 

t^^^S ^^eryatall^i 
J^^i^ 0 * 10 ^'* M 6, -«-2] Needle* from eih.no). 
SSf^rJ; . P ?f^^ 1/1,01 to «etone. ether. 

«<V V*. «S« 10 ( 19S7). Crysule. dec 2 10-21 2*. la) .v +30 9- 
Very we In water and ak^/practlcaUy b»l m Letonea^ edl' 
O^onMbydroehlorttfe. tlOOn-^fStSt^eTl^ 
"*£*Af cats V|,amln(eAymecatoor^ '^ ,4r ' 

«ne! K C H^T? , PBS ±i^ ^AIany|.L.ht«ldine : lgno- 
amowh.w1v!r N ^|«»y occurring dipcpiide found In large 

«. I«2 (?90o? SSTt^t ,M n L G . utew| tt^ Amlradtibi, fen 

^2959(|977lFShS^ n ? : 1**J* " Acw Cryjfotiogr* 
f - ^ ior J-L^ M f Jf ro i^ MwuM 1>- E. Richer «r 




•Ox:?* 



'ft 1 ^* l!5fe 2 J? 8 ' 2) C » tt i* N »°e- Ckynah.dee222*. |*jfi» 
g^>Xw^ 852 * W03 C.H.iaN.O,. Cry,ul«.d« 



J^ J^ I ,kl ^ d ««^n* of about equal amounts 
^K^. Mld ttd HjS0 <' P K J 01 C*™*' °cld 9.4 * a I. Oxygen 
u evolved w room lorn* should be stored at dry (ce tenw 

rJ^^Z. "? daB « erew| y ^We, like most peroxide 
oeacrfpuon or explostoo at Brown Unfveriity: J. O. Sdwardc r 

of fc2L!i^ 0f d>M; ° Xida,Jon of okfin * 10 *-gly»U;oxldaiion 

89^9^10^°^ f 748 ^ 51 C ««m: mol wt 536.87. C 
tw^y%, H 10.51%. About ax widely dfatriboted as its B-uomer. but 
msmaDer amounts. Best sources for both the o. and £i^e« are 

IZon ^™!5,If IIW S M Fou ^ to «*« mother 

IS*™ ^r«»ysttll ling Carotene, faolo by chrotnatography: 
JUjrer, Walker, Httv. Ckl*. Acta I« f 641 (1933). Si roc tore: 

nJ22Z& mi £ J< ' ( NfllUfl11 < + >-^oiene ha. 
6 5 cofifiguraiioo: EogHcr et W.. /6/d. 52, 1729 (1969). Synthesis 

a/.. £Wrf. 40, 1676 (1957); Rttegg er d/„ ftitf. 44, 985 (I960. 

f^P^^ ,! ^^ 

en, ^ 

Deep purple prfimi, pclyhedra from petr ether or from benze&e + 
meAenol. enp 18740* (evacuated tubeT (odft +385- (c- 008 In 

£SSr fil£S? y "1 1 e * ta 5«'<M* ftWoroform; sol In ether. 

2!Bg«^ 

TOBtAPWT: Vliamlp a precursor. 
^T«ERA|.CAT(VBn: V{i*min A precursor for all species except 

Pro^nJ^^V 7 i 35 ^V ^««"«"iCoroub«; 
iSii 5 J* t€fld * c « Ha « :moIwt33 6\87. C 89.49%. H 

I^^^^^.^P^^^ Widely dlatrlbuuS 
ft the plant and animal kingdom. In plarm k occtm almw^wavi 

togej« with chlorophyll. Isoln frori cir^^S.S 

^mS^i^^HPS^ Chiomaic^raphy; 
lurrer, Walker. fTWy. Chtm. Acta 16, 64] (1933). Strueuinr Wit 

ti7£e;; eo, 123 (1933); Karrcr er a/_ #r##u {"him a^*~ it iui 
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1854 



y»Ca rotate 



(1950); Kerrcr. Eugstcr, Co/ip'- 250, 1920(1950); biboflfen 
e/ a/.. Chem. Ztg. 74. 1S5. 309 (1950); Surmatis. Ofner, /. Org. 
Chem. 26, 1 171 (1961); Rueg g *f /Y«/v. CA£m. /1c fa 44, 985 
(1961 ); Bestmeon «/ a/.. Xn/u 1973, 760: FbchU. Meyer. Wrrv. Cnim. 
Acta 58. 1584 (1975). Industrial mfg procedure: later ef 0/., Heh. 
Chtm. Acta 39, 249 (1956); Wer el «/., US 2917539 (1959 lo 
Hoffjnsnn-Ll Roche). Microbiol production by Choanephara tris- 
P9T9- Zejie. US 2959521; US 2959522 and US 3128236 (I960, 
1960 and 1964, oil (o Grain Processing): Mi tidier, US 3001912 
(1951 toCS.C). Review: Fleming, Selected Organic Syntheses 
(John Wiley, London. 1973) pp 70-74. 




Deep-purple, hexagonal prisms from benzene + methanol. Red, 
rhombic aim Mi square leaflets from peir ether, mp I S3* (evacuated 
tube). Absorption max (chloroform): 497, 445 run. Less sol than 
a<«aroiene. Sol In C$), bentenc, chloroform. Moderately col In 
ether, pctr ewer, oils. 100 ml hexane diuotve 109 rag at 0*. Very 
sparingly sol fa methanol and cthatioL Practically losot (n water, 
acids, alkalies. Dfl solns ate yellow, Absorbs oxygen from the air 
giving rise to Inactive, colorless oxidation product*. Keep tightly 
closed end protected from light. Store ot tow temp (— 20*CJ. 
Commercial crystalline 0-carotene has a vitamin A activity of 
1.67 million U.S.P. onits per gram. The LU. of 0.6 fi& 0-earatene 
ts almost exaedy equivalent to 0J fig vitamin A. 

t/sfi: YeDow coloring agent for foods. 

THBftAPCAt: Vhemtn A precursor. Ultraviolet screen. 

tHERap cat <VBT>: Vitamin A precursor for all apectcs except 
cats. 

1854. T^Cftroteoe. (472-93-51 C&H U \ mol wt 536.87. C 
89.49%, H 10 .51%. A rare tarotcnoid. Hat provitamin A activity. 
Bast source Is Penlcttlium scteratiorum; Mase et aL. Arch. Bla* 
chem. Blopkys. 66, 150 (1957). Also present in small proportions in 
many plant materials, asp fruits containing 0<araceoe. Chromato- 
graphic isoln from crude carotenes: Kuhn, Brockmenn, Ber. 66, 
407 (1933); Wlnteruetn, Z. Physiol Chtm. 219, 249 (1933). Struc- 
ture: Kuha, Brockmann. toe. c/r.; Naturwisscntehafien 21, 44 
(1933). Synthesis; Gathers et aL. Hetv. Chtm. Acta 36, 1783 
(1953); Ruegs et at., (bid. 44, 985 (1961). 

Probably crystallises in polymorphous forms. Synthetic form: 
red plate*, mp 152-153.5*. Absorpdon max (petr ether): 437. 462, 
494 run (B& 2055. 3100, 2720). Natural form; minute, deep-red 
prisms with bluish luster from benzene + methanol, mp 177,5*. 
Absorpdon max (chloroform): S08.5. 473, 446 run. Somewhat less 
sol than 0-caratenc. Store tn darkness (n seated ampoules at low 
tempt {(PC). 

TWEJtAf Cat; Vitamin A precursor. 

THCRAPCAT (VET): Vttamtn A precursor for all species except 
cats, 

1S55. ^Carotene. [472*2-4J c^Carotenc. C«H M i mol 
wt 536.87. C 19.49%, H 10.31%. Extracted from the fruit of 
GoAocaryuptpyrffbrme MIg,. teaefnaeeae: Winlerxtera, 2. Phystol. 
Chem. 219, 249 (1933). Occur also In carrots and certain varieties 
of tomatoes, hola from tomato mounts: Porter, Murphey.ArcA. 
Btochem. Blaphyx. 32, 21 (1951). SrncturerKargl.Quackenbush, 
ibid. 88, 59 (I960). Synthesis: Manchand et «/.,/. Chem. Soe t 
1965, 2019. Absolute configuration: Buchecker. Eugster, Helv. 
Chim.AciaSA, 327 ( 1971). 

r^^pj'C'''N*^ 



Long orange*red needles from CS X + he sane : 
I40.5\ Io-Jcj+317*; (cr)j? +352* ±16% (heal 
spectrum: Kirgt, Qtiickenbuxb. \oc. cit. 

18S&9- CaTOtoL [465-28 1] (3^(3oOea,8*c5j 
Hesalrydro^ ( 88^irnemyt-3^1-methyleThyl}-3a(l 
43*8,8a*hexahydro*3-tsopropyl-6.8a-dtmtthyl-3i 
C t> H„0: mol wt 222.37. C 8 1.02%. H 1 1.79%, Q ] 
oil of carrot seeds, Oaucus earata L., UmMlife 
Tiukomoto, J. Phorm. Scc.Jpn. 525, 961 (1925JU 
(1926); Sorm etaL Collect* Csech. Chan. Common 
Ktulevskil, Kovaleva, Zh. Prtid. Khtnu 32* 2703 (If 
Sykora tt */.. Catted* Csech. Chtm. Commun. t\ 
Zatkow et at., /. Org. Chtm. 26, 981 (1961). Sicj 
Lcviselles, Rcdler, Bull. Soc. Chtm. Pr. 1964, 
Synthesis of (+)-form: DeBrrissla et at, ibid. 11 
Chtm. Commun. 1972, 855. 




(+) * Csrolol 

Liquid. bp£ 126*, fa) £+30.4*. nj 1.4964. d tt 0j 

1857. Ceroverinc. [23465-76-1) 1-(2-0>fcJ 
yl)4-((4.mcthoxypheTiyl)methyl)-2(I //)«qulnoxsL 
anii)oe(hylV3-(p'memoxyben2yl)dihydro-2-qQlf 
mium, C^H^NjO,; mol wt 365.47. C 72.10*$ 
11.50%, O 8.76%. Prepn: Zetlner tt al. US 301 
DeMU'Pharm.). Pola/ographic study: P. Pfleget,: 
667 (1969). Pharmacological study: P. Habn-rf'f 
Phtmaeodytu Thsr. 199, 108 (1972). 




,N 



Crystals from toopmpyl alcohol, mp 69*. bpaoi 
Hydrochloride. Doc 188*. 
THERAPCAT: Antispasmodic, 

1558. Cirpitoe. (3463-92. 1] C 2i H J cN 1 0 4 :.<i 
C 70.25%, K 10.53%, N 5.85%. O 13.37%. F05 
papaya L- and la Vasco*edlosia hastato Cerud. Ctfjij 
from papaya leaves: Qntho(( % Mcdedeel. vlfs - 
tetucerg. No. 7. 5 (1 890): Rapopott, B aldrldge, /. Am t 
343 (193 U. Rcponodly causes bradycardia, CNS < ' 
kowski. Are*. Int. Pharm. IS, 84 (1905). Strectare : 
Istry: Govtndachart et al. Tetrahedron Lett* 1965^ 
configuration: Coke, Rke,/. Org. Chem, 30, 342p,(ljj 
of structural studies: Oovrndachari, J. Indian Ck 
(1968). 



H 



r-.rne(l»yc inJ ' Carba 
Prodn of A eitd B b; 

¥&*Hm ? b« 

W(»^ W ^iuTendshsco«fif 

jk. M- T i; m en et a 

«v- m Ars»» m et « 




Monad inie prisms from acetone, mp 119-12C 
120* under 0.03 mm pressure. |or]J? +24.7' (c • 1. 
Slightly sol in water. Sol in most organic solvents exc 



CetwtoVt* * 
Carpel!*"** 0 

■rpeUmycin A. 1760W-73- 

'!loktheny^*«»* ift y | ^■ 6 *^ , " l 
,«^^3.2.0IberK.2^;2-«y 

^C-I9393-M f :««t^ 
mOiS'.molwt 34X37. Col' 
8 > (e* t.7 in water), uv ma> 
|04akayomo.L9SO). 
SertmydnB, J76«4 ; 36 
;JCA-6643-B; C-I9393-S-. 
ess solid melting sbove 
uv max (water): 240.2 

1860. Ccrpbenozlae. |2( 
■I-piperaxinyUpropyn- 10 
K4*(2-nydroxyethyI)- 1 - 
tlazlot: 2-oropIooyt-IO 
Iphenothiazlne; Prok 
C 67.73%. 11 7.34%. ; 
iShetleck, K. Sperbef, U 
Bow el at., US 3023146 ( 19£ 



06 

galtttt. (2973.34.01 
from isopropanol. 1 
' 1 froci tctthsnoi, n> 
'CAr. Anopsycho- 

^(hJ)tsepln-5-yl) 

!d*(4.pipcridincM 
J-^beraib^jittpi, 

i*«446jJ3. C 
US 33296 
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™**!* niim °f »clion: H. It©, Expert Opto. Ther. Targets*. 287-294 
(2004). 

THER AP CAT: Anti-Inflammatory. 

m^ynrtdecyl^h.-Bmaiiol,. 2-meihyl-2.phytyW-ch»inw>ol; 6- 
hydroAy.2-rocihyl-2-phy iy |chroman: 2.methyK2-phyiy|.6-hy- 
f r°jSJ? h ™r*?- C « H **°j: n»ol wi 388.63. C 80.3J*. H 
l 1.4 1st, o S.23%. Synthesis by (he condensation of hydroqulnofle 
and phytol tn the presence of anliydr formic acid: Pendie. Kmrer. 

ZJ2T; A " aA $? iZV (X957h AntioxidauMtivtvoftocoland 
at methyl dcnvi; Olcon. vender Veen. Lipids 3.331 (IMA. 

mo^N^s^ CH > cw, ch, 

CoJoricu, viicoui oil. bo***. I65-175». 

Accuie. CaH^O,. Vfoceusoil. bftwm 180-185*. 
use: Antioxidant. 

* W"^'**"* tocopherol; 5,7 MniMhyl. 

H 1 1 .70%, O 7,43%. Most btoaetive of the naturally occurring 
form, of vitamin E. c.v. Richest sources are green vegetables* 
grawi and otls. particularly palm, ufflower «id sunflower oik. 
SS** . f £™ ■*»< •"»' H. M Evans */ «/„ /. M. CAem. 113. 

f™y.AciaZ1.520 .a20(l938);P.fi« S e|«, a / w y,CA<Tn.Xcc.l93«, 
1382. Dutfltubon from vegetable oils and prepn of esters: J, C. 
Batterer o/.. J Mm. CAem. Soc. 918 (1943). Pftpn of crystalline 

S^S? ^J*""' ,tf60: of crystalline acetate: 
Ww./WA 64, 1487 (1942). Abs config of naiural a-wcophco!: H 

ZZSSZJ" v" tT*5t5 Acu <6 « 963 < 1S> «). Sterco.clcc.lv* 
synthesis: K.-K. Chan « af«,y. Org. Chan. 43. 3433 (1978). Torn! 

. L 1 ?". 981 '" finical malmAliAdmer'xoUsease: M.Swor/ 

1" 'J. 97 ' 1 R^«w orWoavaJUMIiiy from vitamin B suppte* 
2S~» it.?; T "** f ;^^ W.J 13-120 (1999). RevSJ of 
2^4M«(2^ Prefect BtcUixL 




uv mas (cyclonexanc):- 285.3 nm. Practically insol (n w , 
Freely sol in ncetonc. chloroform, ether. Leu readily «ol In ate. 

USE: AsanaiufodUdantinvecetebleollsandfhortcninB. 
therafcat: Vitamin E supplement 
TNCra? cat<vetc Vitamin Supplement. 

9491 /^Tocopherol, f 16698-35-4]: I 148-03-8] (oY-forj 
(2ff).3.4-Dihydro-2w5.B^rimeihyW-f(4W*H.8J2-tTlmeih}|l 
dtcylJ.2W-i-benzopyxan-6.oI; (+)-2,5.8Hrimcthyl-2-(4.8,M " 
methyloideeyl^chrooianol; S.8-dimclhyllocol: cumotoeoi 
neotocopherol: o-xylotocophcrol. C„H*|O a : mot wt 416a 
80.71%. H 1 1.61%, O 7.68%. One of the naturally occurring lei 
of vitamin E. o.v. Is biologically lest active than o>toooph£ 
May be separated by fractional erystn: Emerson ci at.. ScT 
83. 42! (1936); J, Btal. Chm, 113, 319 (1936); Baxter ere/. 



MO" 



CK, 



CH, 




Pale yellow, viscom oIL bpo,, 200-210*. folj^, +2,9* (c«i 
Inadionol), uvmax: 297 nm (Ej* 87.6). Insol m water. R* 
»ol in ctl$. fan, acetone, aleoltof. chJoroform. ether. orherTat 
vents. Very (table to heai and alkalies. Slowly oxidized by i 
phcric oxygen, rapidly by ferrk and silver salts. Gradually - 
cncxpcrurotollefat 

«* 9 1 97 ^ y-Tocopherol. rSd^S^J; (7616-2^) (dUU 
^ > ;^^? lh ^ 2 » 7 • 8 ■^ me *y w -I^^H.8.)2-«rime^Hj 
docyl)-2ry- 1 .benzopyran-6-ol: (+)-2J.8-lrinwthyN2.(4.8;K 
methyltrfd«ey))-6-<hronianol: (R^)*rcocopherat; 7^-d£m£ 

I? C . < ? ! ^i y,ofOCO, * er<)K C Ji H 0 0 1 ;molwt4l6.68. CBftl 
H 11.61%, O 7.68%, One of Ihe naturally occurring U' M 
vitamin E, q,v. Most abundant tocopherol tn soybean ai 
°i« J wm b * fr * c ^°wl «7«tn: Emerson «*/., Sctencek 
0936); y. BM. Chem. 113, 319 (1936); J. 0. Baxter er o7 *J 
Chm. Sot 65, 9 1 8 (1 943). Prepn of crystalline' natfra) f< 
D. RcbttOB, y. Aig. Cftra. ^oc. 65. 1660 (1943). CfctnpiL 
bioactivity wfth o>tocophemL tf.v.: J, O, Bieri. R. P. Ens&l 
104. 850 ( 1974). Protective effects vs reactive ntlregtn ofil 

^^^■-.Xl 000116 ^ *' Pr0C - Natt - Actt * V^^W 
(1993); S. Chruten ei (bid. 94, 3217 (1997). HPLC de? 
seram: A. Sobczak ei of., y. Chromatttgr. B 730. 2«U- 
Rcvlew of bioavailability, metabolism, and activity; Q.jfi 
a/.. Am. / C/fti. Mi«r. 74. 7 14-722 (2001). '* 



Aetlaie. (38-95-7) SpondyviL C ai H„O i: mol wt 472.74 
^ht yellow oil Oy«alH«d r a, .J#^2 

vlif N^Sit K? 45,03 * 3 ! rf -*- T «°P h ^ -cdnare; Toco- 
W^P^ — « 286 

" m l*rT°; Op, T.! , r n0lfl,:i|, * <, > ^^Tocopherol. Equl- 

oi? °hL flU ^SS^ S«^y^eS.paIeyeUow 
o I. df 0.95ft bfju 200-220*; i# 1^045. uv ^ 294 nm <E!» 

linh^w ,U ? lnWl I? WMCT * ^ «* lB Tats. «eSS 

^w^ ^ 0 ^^ ° ther frt w,venu * SwWc t0 heat and 

SUwN^Sf!^ OtOXyg0n - ^^^byacldxupiolOO-. 

SSSiSIS^ * Wm OXy,^C,l • ^ fcme ^ ^oraalts. 

Crtdully darkenx en exposure so light. 

jt7.a>Toeopherol oeawe. 152225-20-4] oV^Toeopheryl ace- 
tate: Detulin; Ephynsl; Eusovit; Ev(on. Cornprehe^Jelle^ 

P^ge 1632 



HO* 



•CHi 



If 

Pale yellow, viscous oil. Has been crystallised as tronsj 
needles, mp -3 w .-r. bpo., 200-210*. (o)g tl -W(e* 

!it^Ef ne)l ^ (c " 9 32 « e,h » 0 ^ « v max: r 
(Elm tnsol tn water. Freely sol fn_oUs.fati. a«wo( 
hoi, chloroform, ether, other ftt solvents. Very stable » 
aOcalie*. Slowly oxidized by atmospheric oxygen, rapidly I 
and silver salts. Gradually darkens on txpojufe io HgliU ' 

9498. Woeopherol. (119-13-1) (2r7W.4-Oihyd 

methyl.2-((4i? f MHJIJ2-rimethvltrtdecyl)-2/Y.|-beft- 
ot; 8-mertiyltoeol. C 3 ,H J4 0,; mol wi 402.65. Cb« 
11 J2%. O 7,95%. One of the naturally occurring forms f 
E.4T.V. Isoln from soybean oil: tizmet ct..J.Am.Chtsr 

fHH? 471 S 7 fl *«*« Gt**ttai..J.Chem.$0c.%9S9, 
900085 (1961 to Hoflmano-U Roche). • r« 



pale yellow, vijcou 
+l.l*ic*» I0.9ln bcnzi 

9499. Tocorclfn. 
3.4-dlhydro-2.5.7.8'i 
trideeyll-SM-l-benzop'. 
y|.2-f(4^-.8R«M.8.i: 
iretlnoin tocofcril; DL- 
oon. C 4V H I6 0 3 : mol \ 
Wound healing agent 
fibfoblosfs. Prepn: H. 
eldtm, US 3878202 {1% 
pharrflBcoio^y: K. Sai 
|16,228223k(I992). 
205. C.A. 117, 19823 
Kawamura tt ct.\ Dig. 
lion in skin ulcers: T. 1 
ttaL.ibid.7XJ9. Acore 
43, 227 (1992). CA U 




Light yellow oil. uv 
inmlce(mg/kg): >IOOf 
thbsiapcat: Vulnei 

9500. a*Tocotrle 
stereoX (2ff)-3.4-Dihy 
trimefhyl'3.7,1 Hride< 
tetrameuiyP2o(4,8, 12-<i 
fi •tocopherol. C^Hx, 
07.54%. Oneofthoi 
Isoln from wheat brar 
(1955); Green 
Green ei 0/., J. Chem 
McHaleetaL.ibiil. 19 
icoehemieal Propertie 
Harris, I. O. Wood. Vh 
ofill ri-flar-form: Schu 




Const!* A* Nam* Initx btfort using Ah stcttan. 



uvmax(ethanoll: 29 

9501, ^Toeotrk 
J^n»lbyi-2^ac%7£>-4. 
«*ntopyran-6 oh ISA 
KienyDehroman^ol; 5 
*4dl0^3. €81.90%. 
jc^wlna forms of vi» 
fr«m bran: EgglM, War 
7*fru.ttw.6,689 ( i9 
J *Chem. Soc. 1959,336 
"-J.Chrm.Soe. 1963. 
A«B46. 2517 H963). 
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Formation of sunflower oil emulsions stabilized by whey 

proteins with high-pressure homogenization (up to 

350 MPa): effect of pressure on emulsion characteristics 

Anne Desrumaux* & Julie Marcand 

Departement de Genie des Precedes Alimcntaires, ENITIAA GPA, BP82225-44322 Nantes Cedex 03, France 

( Received 9 August 2000; Accepted in revised form 6 February 2001 ) 

Summary A new ultra-high-pressure homogenizer was used to make very fine oil in water emulsions. 

The effect of pressures up to 350 MPa on sunflower oil (20%) in water emulsions was 
studied. The emulsifier used was whey protein concentrate (1.5%). The properties of the 
emulsions were characterized by laser light scattering (droplet size distribution) and coaxial 
cylinders rheometry (rheological behaviour). The protein adsorption fraction was obtained 
by a spectrophotometric method using bicinchoninic acid reagent. 

Significant modifications in the structure and the texture of the emulsions were observed 
as the pressure increased. No change was revealed by polyacrylamide gel electrophoresis of 
the whey protein within the pressure range studied. Microdifferential scanning calorimetry 
scans indicated that the changes of the structural and textural properties may be because of 
changes in the protein conformation. 

Keywords Droplet size, emulsification, microdifferential scanning calorimetry, protein adsorption, viscosity. 



Introduction 

A large variety of foods are emulsions, from the 
more natural, e.g. milk, to the more sophisticated, 
e.g. sausages, mayonnaises. Emulsions are disper- 
sions of liquid droplets in a liquid continuous 
phase. As the two liquids are immiscible, emul- 
sions are very unstable. In order to stabilize 
emulsions, there must be surface active molecules 
at the interface of the droplet to prevent instan- 
taneous coalescence. 

Food emulsions are commonly produced in 
high-pressure homogenizers, in colloid mills or in 
batch reactors with high-speed blenders. Initially 
built for the homogenization of milk, high-pressure 
homogenizers are the most often used, as they give 
fine emulsions with precise texture properties 
(creams, ice creams) and higher degrees of stability. 
The principle of high-pressure homogenization is 
simple: a coarse emulsion produced with a 

•Correspondent: Fax: +33 251785467; 
e-mail: desrumau@enitiaa-nantes.fr 



high-speed blender i s fo reed under pressure 
through a narrow valve. The combination of the 
intense shear, cavitation and turbulent flow condi- 
tions in this valve leads to the disruption of fat 
globules (Walstra & Smulders, 1997; McClement, 
1999). The decrease of the average size of the fat 
globules reduces the creaming velocity (Stokes law) 
and increases the stability of the emulsion. Food 
homogenizers usually go up to 60 MPa and the gap 
of the valves is typically between 15 and 300 Lim. 
Increasing the pressure and decreasing the gap size 
cause a greater degree of breakdown of droplets. 
Despite the large use of high-pressure homogeniz- 
ers, few studies deal with the effect of very high 
pressures on the emulsions properties. Moreover, 
the studies are limited in the pressure range. 
According to Mulder & Walstra (1974) and Phipps 
(1975), the average fat globule diameter (d) 
decreases with emulsification pressure (P) in a 
relation <faP~°' 6 , for pressures between 0.25 and 
40.5 MPa. Davies (1985) described the breakdown 
of fat droplets with the Kolmogoroff theory and 
found a relation between the maximal droplet size 
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and r 0 ' 4 . According to Tornberg (1980), for 
pressures over 40 MPa and for a mass oil fraction 
of 12%, a phenomenon called 'overprocessing* 
occurs: the average droplet size increases with 
pressure. Robin et al (1992) processed butter oil in 
water emulsions, with sodium caseinate as emulsi- 
fier, from 7.8 to 76.3 MPa in a microfluidizer In 
the microfluidizer, two microsteams were projected 
under pressure against one another. They showed 
that the average size of fat globules decreased with 
pressure and reached a minimum around 60 MPa. 
Until now. no studv has related the effect of 
'dynamic' high pressures over 100 MPa on food 
emulsion formation. The effects of isostatic pres- 
sure on emulsions has been studied as a means of 
preservation. It has been shown that its influence 
on the already formed emulsions depends on the 
emulsifiers used (Dumay et al y 1996). 

Thus, the purpose of this work was to test the 
hypothesis that ultra-high-pressure homogeniza- 
tion (from about 50 to 350 MPa) significantly alters 
properties of oil-in-water emulsions when com- 
pared with more traditional pressure treatments. 

Material and methods 

Ingredients 

Whey protein concentrate TS85' (85% protein), 
obtained by ultrafiltration of casein serum, was 
supplied by Eurial Poitou Touraine (Herbignac, 
France). The reported composition of this product 
is: A r x 6.38: 85%; fat: 3%; mineral salts: 4%; 
water content: 4%; pH 6.5 ± 0.2. The proteins 
are soluble over the complete pH range, and are 
good emulsifiers at pH <7. 

Sunflower oil was purchased from Lesieur 
(Neuilly-sur-Seine, France). Distilled water was 
filtered through a 0.2-um filter before use. Solu- 
tions of whey proteins '(1.5%) were prepared using 
a ultraturrax rotor-stator system (Ika Larbortech- 
nik, Staufen, Germany) and stored at 4 °C. 

Ultra-high-pressure homogenizer 

Coarse emulsions containing 20%, by mass, of 
sunflower oil and 80% of the whey protein concen- 
trate aqueous solution were prepared at 4 °C, using 
an ultraturrax rotor-stator system and then passed 
through a homogenizer operating from 20 to 



350 MPa (Stansted Fluid Power Ltd, Essex, UK). 
Emulsions were homogenized at different pressures 
in the range of 50-350 MPa. The homogenizing 
chamber was cooled with a cooling jacket contain- 
ing cold water at 5 °C, in order to slow down the rise 
of temperature. Each emulsion was carefully col- 
lected and stored at 4 °C before analysing. This 
procedure was used to prevent any change in the 
size distribution of the fat globules because of 
churning. The experiments were duplicated. 

The reproducibility of the high-pressure 
homogenization was tested by repeating an 
experimental point (20% oil, 150 MPa) four times. 

Light scattering measurements 

The size distributions of the oil droplets were 
determined by the laser light scattering method. 
The diffractometer model used was the Mastersizer 
S (Malvern Instruments, Malvern, UK) equipped 
with a 300 reverse Fourier lens and a He-Ne laser 
(X = 633 nm). The emulsion was measured 5 min 
after ultra-high-pressure homogenization to cancel 
any creaming effect, and diluted to about 1/1000 
with distilled water in the diffractometer cell, whilst 
stirring. Size distribution was presented as volume 
percentage vs. droplet diameter. The volume size 
distribution was calculated from the intensity of 
the light diffracted at each angle using Mie theory. 
The analysis requires a parameter known as the 
presentation value, a combination of the ratio of 
the relative refractive indices of the dispersed phase 
and water and the absorbance of the dispersed 
phase. The 3NAD presentation was used: oil 
(1.4564, 0.0000) in water (1.33), for which the 
absorbance value was selected after consultation 
with Malvern Instruments and verified using a 
carefully diluted emulsion of known concentration. 
The full size distribution was obtained using a 
polydisperse analysis, which allowed the calcula- 
tion of the mean droplet diameter d 32 (Sauter mean 
diameter) and a dispersion index called 'span*, 
defined as 

d[90] -d[\0] 
Span = d[50) 

Where d[x] is the average droplet size in a volume 
in which [x}% of the total sample weight remains 
constant. Measurements were repeated three times 
for each sample. 
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Rheology measurements 

Dynamic shear stress measurements were done at 
20 °C with an AR 1000 Rheometer (TA Instru- 
ments, Waters Corporation, USA), equipped with 
a coaxial system (medium concentric cylinder with 
a conical end; Rl = 13.83 mm, R2=15.0mm). 
Flow curves (shear stress vs. shear rate) were 
determined at increasing shear rates: 0-1200 s _l in 
2 min (up and down flow curves). 

Protein surface concentration 

Emulsion samples were centrifuged at 13 000 g for 
30 min to separate the droplets from the aqueous 
serum phase. The supernatant (the cream) was 
carefully removed from the aqueous phase using a 
syringe. The cream layer was resuspended in ultra- 
pure water to wash away any protein trapped 
between droplets, and the resulting emulsion was 
centrifuged again at 13 000 g for 30 min. The 
protein concentration of the two serums was 
determined by the Sigma Pierce spectrophotomet- 
ric method using bicinchoninic acid reagent (BCA, 
Sigma procedure TPRO-562). This spectrophoto- 
metry method is based on the reduction of Cu 2+ 
to Cu + by the proteins (Biuret reaction). Cu + 
reacts with the BCA and an intense purple complex 
is formed. This complex produces an absorbance 
maximum at 562 nm, which is directly propor- 
tional to the protein concentration (Smith et al. s 
1985). A calibration curve was generated using 
bovine serum albumin (BSA) standard solution 
(Sigma, St Louis, USA), with a determination 
coefficient r 2 = 0.99 (15 different concentrations 
used). The quantity of whey proteins absorbed was 
expressed in equivalent BSA and was calculated 
from the difference in the serum concentration 
prior to and after emulsification. The surface 
concentration of the absorbed protein was calcu- 
lated from the known surface area per unit volume 
of emulsion and the difference in the amount of 
protein measured in the serum phase and the 
amount used to make the original emulsion, 
making allowance for any dilution. 

Electrophoresis (SDS-PAGE) 

The protein fractions were determined by sodium 
dodecyl sulphate-polyacrylamide gel electrophor- 



esis (SDS-PAGE), following the procedure des- 
cribed by Arrese et al (1991). Gel slabs were fixed 
and stained simultaneously in aqueous solution 
containing 40% v/v ethanol, 7% v/v acetic acid 
and 0.025% coomassie brilliant blue R250. Pro- 
teins were denaturated with a treatment buffer 
containing 0.125 m Tris, 4% SDS v/v Glycerol, 
0.2 M dithiotreitol, 0.02% bromophenol blue. 
About 50 ng of protein was applied to each gel 
slot. Molecular weights of the protein bands were 
estimated by means of the SDS-70L kit (Sigma 
Chemical Co., St Louis, USA). 

Microdifferential scanning calorimetry 

Microdifferential scanning calorimetry (u.DSC) 
was used to assess the degree of denaturation of 
the whey protein by the pressure of homogeniza- 
tion. u£)SC thermographs of aqueous solutions of 
whey proteins before and after a single run in the 
homogenizer were prepared by using a Setaram 3 
calorimeter (Calluire, France). Samples (700 mg) 
of 2% dispersions of whey proteins (pH 6.7) in 
distilled water were hermetically sealed in hastel- 
loy C276 pans (volume =1 cm 3 ). A closed pan 
filled with distilled water was used as the reference. 
The heating rate was fixed at 0.5 °C min' 1 from 20 
to 110 °C. Triplicate samples were analysed by 
uDSC. 

Results and discussion 

Whey protein composition 

Electrophoresis measurements indicated that the 
whey proteins were mainly composed of P-lacto- 
globulin (18 600 Da), oc-lactalbumin (14 200 Da), 
and serum albumin (66 000 Da) (Fig. 1). Exam- 
ination of the U.DSC curves showed three endo- 
thermic phenomena (Fig. 2): the first around 
40-45 °C, the second between 60 and 65 °C and 
the third between 70 and 75 °C. These endother- 
mic phenomena in whey proteins are explained by 
the behaviour of p-lactoglobulin and a-lactalbu- 
min, which are the predominant proteins 
(Paulsson et al % 1985). The dimer form of P- 
lactoglobulin exits at 5.2 < pH < 7.5 as in our 
case (pH 6.7). Thus, according to McKenzie 
(1971) the first endothermic peak could be a 
dissociation of the dimers of P-Iactoglobulin. The 
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Figure 1 (a) SDS-PAGE of proteins before and after a single run in the homogenizer. Rcf: a-Iactalbumin (14.2 kDa), tripsin 
(20 kDa), egg albumin (45 kDa), serum albumin (66 kDa). Column I: before homogenization. Columns 2-6: after a single 
run in the homogenizcr at 2: 30 MPa; 3: 60 MPa; 4: 90 MPa; 5: 120 MPa; 6: 1 50 MPa. (b) SDS-PAGE of protein after one 
run in the homogenizes Ref: see (a). Column I: 180 MPa; 2: 210 MPa; 3: 240 MPa; 4: 270 MPa; 5: 300 MPa; 6: 350 MPa. 




Tempa nature 

second endothermic peak at 60-65 °C corresponds 
at pH around 7 to the denaturation of the 
a-lactalbumin, and the last endothermic peak 
around 70-75 °C corresponds to the denaturation 
of the (Mactogiobulin. 

Reproducibility of the experiments 

The reproducibility of the high-pressure homoge- 
nization after testing with an experimental point 



Figure 2 Micro*DSC graph of 
whey protein aqueous solutions 
(1. 5%) before (I) and after (2) 
treatment at 300 MPa in the high- 
pressure homogenizcr. 



(20% oil, 1 50 MPa) and repeated four times on 
four different days is shown in Table l . According 
to the s.d. obtained, the reproducibility was 
satisfactory. 

Evolution of temperature during the experiments 

Despite the use of the cooling jacket, the tempera- 
ture of the emulsion at the exit of the valve 
increased linearly with the pressure in the valve 
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Table 1 Reproducibility of the point 150 MPa, 20% oil 



Temperature at the exit 
of the homogenizer 



Sauter diameter 
Oarlfim) 



40 *C(1) 



0.68 (0.02) 



Size dispersion 
coefficient 



Viscosity 
(Pa s) 



3.75 (0.6) 



Values within parentheses are standard deviations. 



0.009 (0.001) 



Fraction of adsorbed 
proteins (mg m~ ) 



0.77 (0.1) 
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Figure 3 Effect of pressure on the temperature at the exit of 
the homogenizer. 

(Fig. 3). Above 300 MPa, the temperature of the 
emulsion at the exit is close to the temperatures of 
the peaks observed by uJDSC. 

Effect of high pressure on emulsion properties 

The Sauter diameter before homogenization was 
around 30 urn. Homogenization reduced the 
Sauter diameter appreciably, the reduction 
increasing with treatment pressure from 50 to 
90 MPa (Fig. 4). This result agrees with the 
study of Robin et ai (1992), who observed a 
decrease in the droplet average size between 7.8 
and 76.3 MPa. Above 90 MPa, d n increased 
with pressure (Fig. 4) and then stabilized 
approaching 200 MPa. Robin et al (1992) 
observed a similar plateau of the droplet size 
diameter, but between 60 and 76.3 MPa. This 
phenomenon can be referred to as 'overprocess- 
ing,' as stated by Tornberg (1980): the average 
droplet size is stable over a certain range of 
pressure, and increases at higher pressures. The 
density of energy (up to 10 12 W nT 3 ) is estima- 
ted by knowing the flow rate and the pressure 
drop inside the valve, and is partially dissipated 
as heat (Fig. 3), which can lead to an increase of 
the Sauter diameter: the Brownian motion 
increases and so also the probability of collision 
and coalescence. 
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Figure 4 Effect of the pressure of homogenization on the 
Sauter diameter d n and the viscosity n of the emulsions. 

Above 200 MPa, d n decreased and then 
increased again at around 250 MPa. However, 
tf\ere was a final decrease of d$ 2 above about 
300 MPa. This final decrease could be explained 
by the increased probability of rupture. At this 
level of pressure, the shear rate inside the valve is 
enormous, the probability of rupture again be- 
comes higher than the probability of coalescence 
and ^32 decreases. 

The effects of high-pressure homogenization on 
the sizes dispersion coefficient are interesting; 
above 90 MPa, as the pressure increased, the 
dispersion coefficient strongly decreased (seven- 
fold) (Fig. 5). Also, the droplet size distribution 
was bimodal for the lower pressures, but at higher 
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Figure 5 Effect of pressure of homogenization on the size 
dispersion coefficient of the droplet. 
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Figure 6 Size distribution of the oil droplet of the emulsion 
after a single run in the homogenizer at 300 MPa. 



pressures the second peak decreased (Fig. 6). 
Thus, the coalescence rate of the droplets is 
reduced because a large dispersion favours rapid 
coalescence. Above 90 MPa, the main effect of 
high-pressure homogenization on the size proper- 
ties is the decrease in the dispersion coefficient of 
size. 

Examination of the rheological properties of the 
emulsions showed a Newtonian behaviour in all 
cases, agreeing with previous studies (Desrumaux 
& Delia Valle, 1999). However, the viscosity 
changed with the pressure in the valve (Fig. 4). 

It is interesting to see the similarity of behaviour 
between the curves for the viscosity ri and the 
Sauter diameter </ 32 (Fig. 4). Both show a compli- 
cated behaviour, with four zones, although differ- 
ences exist in the limits of the zones. In the first 
zone, up to 90-100 MPa, the Sauter diameter 
decreased and viscosity increased slowly (Fig. 4). 
At the same time, the amount of adsorbed protein 
increased (Fig. 7), as expected, since, as the 
average droplet size decreases, the specific area 
increases, which leads to an increase of the 
fraction of adsorbed proteins. Above 100 and up 
to =210 MPa, d n increased and reached a plateau 
(Fig. 4), which can be attributed to the 'overpro- 
cessing' phenomenon. Simultaneously, the frac- 
tion of adsorbed proteins decreased strongly and 
then increased (Fig. 7). Viscosity followed the 
same behaviour as d 32 (Fig. 4). Above 
200-210 MPa the behaviour of the structural 
and textural properties was complicated and, is 
probably explained, by the effect of the high 
pressure on the protein conformation. Indeed, 
studies on isostatic high-pressure treatment of 
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Figure 7 Effect of pressure of homogenization on the 
fraction of absorbed proteins. 



proteins have shown that pressure has a huge 
effect on food protein functionality (Messens 
etal, 1997). High-pressure effects on proteins 
are primarily related to the rupture of noncovalent 
interactions within protein molecules and to the 
subsequent re-formation of intra- and intermo- 
lecular bonds within or between protein molecules 
(Smith et ai f 2000). As extensively described by 
Messens et al (1997), the whey proteins, partic- 
ularly the p-lactoglobulin, are far more sensitive to 
isostatic pressure than other proteins such as BSA. 
In our case the treatment at high pressure was very 
short, estimated at 10" 4 s from the flow rate and 
the size of the gap («1 um), but was associated 
with a significant rise in temperature (Fig. 3). The 
complicated effects of pressure on emulsions 
properties could be explained by a change of 
conformation of the emulsifying whey proteins 
during the emulsification process. Only a small 
part of the whey protein is likely to be absorbed at 
the water/oil interface in the coarse emulsion, 
because the kinetics of absorption requires a much 
longer time than that for emulsification. Thus, a 
large part of the whey protein was in the aqueous 
phase during the homogenization and the absorp- 
tion of the whey protein at the interface occurred 
after homogenization. In order to understand the 
possible change of the whey protein, we tested 
aqueous whey protein solutions (1.5%) before and 
after a single run in the homogenizer at 300 MPa 
(Fig. 2). Comparing the uDSC graph with the 
uDSC graph obtained before treatment in the 
high-pressure homogenizer (Fig. 2), it can be seen 
that the endothermic peaks disappeared, indica- 
ting that the proteins had probably denatured. 
This phenomenon is because of the combined 
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effects of the high shear rate inside the gap 
(velocity at 300 MPa estimated at 500 m s" ! ) and 
the rise of temperature observed. At such a high 
pressure, it was impossible to slow down the rise of 
temperature inside the valve, the temperature at 
the exit being directly proportional to the pressure 
of homogenization. Electrophoresis measurements 
of extracted proteins after treatment in the high- 
pressure homogenizer did not show any significant 
change in the molecular weights (Fig. lb): the 
proteins were not broken down into smaller 
entities during the homogenization, the time of 
treatment (estimated at 10"^ s) probably being too 
short. 

Over 200-210 MPa, the proteins were denatured 
and had probably partially lost their emulsifying 
activity (Fig. 4). The effect of the high-pressure 
homogenization could be protein aggregation; 
however, the electrophoresis experiments in the 
presence of SDS prevents observation of protein 
aggregation. 

Conclusions 

The effects of high-pressure homogenization on oil 
in water emulsions are complicated. From 20 to 
100 MPa, the Sauter diameter decreased, confirm- 
ing the results of Davies (1985) and Robin et al. 
(1992). Over 100 MPa, tf 32 , viscosity and the 
fraction of adsorbed protein displayed up to four 
zones of behaviour: from 100 to 210 MPa, the 
Sauter diameter and viscosity increased up to a 
maximum. This behaviour could be because of the 
*overprocessing* phenomenon. Over 210 MPa, 
liDSC graphs on whey proteins before and after 
a single run at 300 MPa in the homogenizer 
confirmed changes in protein conformation, prob- 
ably because of the combined effects of high- 
pressure treatment and the rise in temperature 
observed. This change in the conformation of 
proteins probably modifies the emulsifying prop- 
erties of the whey proteins. There is a strong 
correlation between the formulation of emulsion 
and the range of pressure used in homogenization. 
For sunflower oil in water emulsion (20% oil) 
stabilized with whey proteins, the optimum pres- 
sure of homogenization according to the light 
scattering measurements is «I00 MPa. At this 
pressure the and the size dispersion coefficient 
reach a minimum. 
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